
Carnegie Institution
OF WASHINGTON

Year Book 87
1987-1988

Mount Wilson and Los Companas Observatories
Deportment of Terrestrial Magnetism
Department of Plant Biology

Department of Embryology
Geophysical Laboratory

if*

I



Cover: In experiments at the Department of Embryology, postdoctoral

fellow Patrick Masson, working in the laboratory of staff member Nina

Fedoroff, introduced the maize Spm transposable element into tobacco

cells on a bacterial plasmid using the natural plant transformation

system of the soil bacterium Agrobacterium tumefaciens. The Spm
element had been inserted into a gene whose expression is detectable by

the formation of a blue, insoluble product in the presence of a chromogenic

substrate. The blue sectors seen in the tobacco plantlets indicate that

the disrupted gene is active and, therefore, that the interrupting Spm
element has transposed out of the gene. (The leaves are about 0.5 cm
across; see pp. 45-50.)

These experiments are examples of the group's use of recombinant

DNA techniques in studies of transposable genetic elements, originally

discovered by Barbara McClintock.
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President's Commentary



The telescopes at Las Campanas, Chile. From front to rear: the

1.0-meter Swope telescope and the 24-inch University of Toronto

telescope domes, the 10-inch astrograph building, and the 2.5-

meter du Pont telescope dome. Aerial photo, 1984, by photographer

John Bedke, then of the Mount Wilson and Las Campanas
Observatories.



[Ours] is a faith that makes us look beyond tomorrow and

ever seek to know, because in some mysterious way we
realize that only a small portion of the road to knowledge

has yet been trod, that matters beyond our present

comprehension lie just around the bend. . . .

—Vannevar Bush
Year Book 5U (1955)

Like most things done by the Carnegie Institution, this Year
Book is itself an experiment. Many readers will remember

that until recently the Year Books reported our scientific activities

comprehensively and in detail. Much of the material in those

weighty volumes was valuable to other investigators in the various

subdisciplines, especially in cases where the Year Book gave
information not printed elsewhere.

By about 1983, however, the need for such a Year Book became

questionable, as the habits in some fields necessitated frequent

publishing in scholarly journals. And even as the Year Book

increasingly duplicated material printed elsewhere, the need to tell

a broader public about our work seemed more and more pressing.

Our solution—to present the activities of all five departments in

a single essay, "The Year in Review"—was a step in the right

direction, but it was not fully satisfying to all concerned.

This year, we again try something new. This volume features

essays written by each of the Department directors, who present

overviews of certain of the year's scientific work. Several of the

essays are followed by one or two fuller, topical essays written by

individual staff members about their own scientific research. (In

future years, we hope to have similar contributions by other staff
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members.) Throughout, our aim is to reach a broad readership, one

made up of interested and well-informed persons who, for the most

part, are not specialists in the subdisciplines under discussion.

Meanwhile, Carnegie scientists will continue to communicate with

their peers worldwide by articles in professional journals; Year
Book readers are guided to such literature through the bibliographies

of published work. This year, in addition, the Geophysical Laboratory

has decided to publish its own detailed annual report, and a technical

summary of the research of the Observatories will appear in the

Bulletin of the American Astronomical Society.

As a newcomer to the Institution, I am not strongly tied to the

Year Book traditions, and I welcome the experimental mode
reflected in these changes.

Our Contemporary Role in Historical Perspective

On March 1, 1988, Edward E. David, Jr. turned a lively scientific

establishment over to this new president. Ed David's service as

acting president was a remarkable demonstration of commitment to

the Institution and its scientists. He brought to the post deep
knowledge gained from his long service as a trustee and from his

unique, broad understanding of American science. Happily, he has

not left the Institution, but remains an active trustee and a valued

advisor.

The Institution over which David presided and the one I joined,

bears the marks of James Ebert's vision. Two of Ebert's major

initiatives—the new building designed to house together the

Geophysical Laboratory and the Department of Terrestrial

Magnetism, and the Magellan telescope to be built at Las Campanas

—

engage our thoughts and resources each day. The comfortable

endowment he left behind allows the Institution to continue its

tradition of independence. That endowment of course suffered from

the stock market fall of October 19, 1987, but not as much as many
others, and our situation has made significant recovery since those

troubling days. In these matters, the Institution benefited greatly

from the wise stewardship of the trustees' Finance Committee. We
are pleased that Ebert's experience will remain a part of the

Institution in his new role as trustee.

Earth-moving machines will soon begin excavations at the

Department of Terrestrial Magnetism campus, taking the first

steps toward construction of the new laboratories. The schedule

calls for joint occupancy by the DTM and Geophysical Laboratory

staffs by mid-1990. Thereafter, the original DTM building will be

renovated, and the whole project should be completed in 1991.
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In the course of obtaining the necessary zoning approvals for the

new construction, we learned that our neighbors around Broad

Branch Road love that tranquil site as much as the staff does,

although the neighbors know little of what goes on in our laboratories.

In 1991, when tranquility is restored and the staff is settled, we
will need to invite the neighbors in again and share with them our

excitement over the research. As will be clear later in this

commentary, I believe that such engagement of the public is an

important obligation of those privileged to spend their lives in

science.

George Wetherill writes, in his essay this year, that fresh

opportunities for sharing viewpoints and data will be facilitated by

the closer relations between DTM and the Geophysical Laboratory

made possible by joint occupancy of the new laboratories. Meanwhile

Charles Prewitt reminds us of the Carnegie Institution's continual

encouragement of cross-fertilization between separate fields.

Assuredly, we can look forward to important, future syntheses

from data gathered in the specialized and now-fragmented areas of

the earth and planetary sciences. A theme that promises such

syntheses, for example, is embodied in Wetherill's affirmation that

understanding the history of the universe, the Galaxy, the solar

system, and the planet can enhance comprehension of our own,

contemporary Earth.

The notion that history can inform contemporary science is not

new. What we call science was, after all, called natural history as

early as the beginning of this century. But the sheer rate of

scientific advance and the success of experimental work since World

War II have partly eclipsed the concept. We have paid most

attention to exciting and powerful new instruments and methods,

to immediate, incremental discoveries about the object or organism

or molecule being studied. Yet, in very recent times, scientists of

all kinds have begun to integrate historical considerations into their

work. Molecular biologists like myself and staff member Roy
Britten find that the framework of evolutionary biology helps to

formulate plausible explanations for otherwise puzzling features of

human DNA. Britten in California and I (in my laboratory at the

National Institutes of Health) are studying different aspects of

DNA segments that are repeated thousands of times in human
chromosomes. The overwhelming majority of these segments are

not genes, and their functional significance to the organism is

unknown. At least a few of them are, however, mobile: that is,

they can move from one place to another in the DNA.
As Britten wrote to me last August:
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Mobile genetic elements and repeated sequences are

intimately connected to each other, and many experts feel

that most repeats are derived from mobile elements.

Both have importance for human genetics and primate

evolution. Both were discovered by Carnegie Institution

of Washington members, and the history of our knowledge
of them is intimately connected with the Institution.

The existence of mobile elements was first deduced about 40

years ago by Barbara McClintock in her work on maize genetics.

Repeated sequences were discovered some 25 years ago by
Britten and his colleagues. Presently, besides Britten and

myself, Nina Fedoroff and Allan Spradling of the Department of

Embryology continue to study mobile elements. Though the

work involves various organisms—humans, flies, and corn

plants—we share thoughts and questions. What if any is the

relation among the mobile elements in these different organisms?

Could they be related through a single, ancestral element that

was present in a common progenitor more than a billion years

ago, before plants and animals diverged into different lines of

descent?

The Importance of External Support

We are, as a nation, addicted to oversimplification and slogans.

Even the scientific community succumbs. A widely used term of

the last few years, "big science vs. little science," seems at first

to be a significant phrase. In fact, it obscures a complex tension.

Thus, the Carnegie Institution's tradition of reliance on the

"unique individual" as the fundamental source of new scientific

understanding suggests that we belong in the "little science"

category. Yet, in contemporary science, the individual scientist

often depends on very big enterprises such as large and reliable

commercial suppliers, massive intellectual and financial investments

in equipment development, including computers, and a large,

well-organized scientific community.

Nowhere is this interlinking of large and small more evident

than in modern astronomy. Ground-based optical astronomy, as

practiced by Carnegie staff members of the Observatories and

DTM, requires big telescopes and sizable support facilities.

Nevertheless, it is most often a single individual's intellect and

imagination that make sense of the faint images and data

captured by the telescope. The Institution needs to provide

independence and secure support to its individual astronomers,

but it also needs to provide access to major telescopes. It has

been our tradition and remains the trustees' commitment to do



Architectural model of the future home of DTM and the Geophysical

Laboratory, to be situated on the present DTM campus. Looking
toward the northwest, the future research laboratory building is seen in

the foreground, and the present main building is at top. At right are the

present experiment, accelerator, and cyclotron buildings. The main and
the cyclotron buildings are to receive extensive renovations.

so. Thus, we are arranging for continued, long-term access to

that remarkable instrument, the 5-meter Palomar telescope,

while we also plan for the future 8-meter Magellan instrument

at Las Campanas.

Realities of current and projected costs fostered a decision to

construct Magellan with two partners—The Johns Hopkins

University and the University of Arizona—each engaged for 25

percent of the project. Arizona's share is represented by the

centerpiece of the instrument, an 8-meter-diameter mirror. J.

Roger Angel of Arizona will supervise mirror construction by

his original notion of "spin-casting." The development of this

innovative process is proceeding well: a 1.8- and then a

3.5-meter-diameter mirror have been successfully cast. By
casting increasingly large mirrors, Angel and his colleagues can

test and improve the process before beginning the 8-meter size.

The smaller mirrors are destined for telescopes to be built by a

variety of other institutions.

The plans and dreams of many astronomers and many
institutions thus rest in Tucson. It is therefore troubling to find

that the National Science Foundation has not provided a desirable

share of the costs of the Mirror Lab at Arizona. With so many
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American astronomers to benefit, and with so many telescopes

to be built with private monies, investment in the Mirror Lab
could be magnified many times over.

The lack of adequate support for the Mirror Lab is only one

facet of larger issues—the total NSF support for ground-based

optical astronomy in particular and for astronomy in general.

Astronomy received, this year, the lowest percentage increase

in funds of any of the mathematical and physical sciences. The
total funding for astronomy is substantially less than that for

physics, chemistry, or materials research. Yet, astronomy is the

science most engaging to the public. The American astronomical

community is despairing of its ability to continue its world

leadership in the face of plans and commitments for major,

modern telescope construction by a European consortium and by
the Japanese. For our Magellan plans to go forward on a secure

basis, our own commitment is not enough; secure funding for the

Mirror Lab is essential.

Scientists and the Larger Society

The general public, be they DTM's neighbors at Broad Branch

Road, or the large number of amateur astronomers, or people

desperately seeking therapy for diseases such as AIDS, is

the ultimate source of support, both intellectual and financial,

for American science. Yet a scientist's view of research frontiers

is often very different from that of the nonscientist. This disparity

is illuminated by a quotation from Robert Penn Warren's All the

King's Men:

The end of man is knowledge, but there is one thing he

can't know. He can't know whether knowledge will save

him or kill him. He will be killed, all right, but he can't

know whether he is killed because of the knowledge which

he has got or because of the knowledge which he hasn't

got and which if he had it, would save him.*

Scientists make the optimist's response to this conundrum.

Rationalizing our personal drives to know, to understand, we
believe that the acquisition of new knowledge, of a better

understanding of the natural world is, of itself, both wondrous

and good. The norms of our community reinforce this: everything

from higher salaries to honors, prizes, and status are achieved

by learning new things. We also believe that the quest for

*Robert Penn Warren, All The King's Men, Harcourt Brace, Jovanovich,

Inc., 1946.
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better comprehension is a fundamental human trait, one which

sets Homo sapiens apart from other living species. We reinforce

this belief by a conviction that original research is a creative

endeavor, akin to artistic and literary creativity in method and

talent. And we believe that through research we express human
as well as humane values.

But, for the most part, nonscientists respond pessimistically

to Warren's dilemma. They find the quest for knowledge
somewhat frightening. And, if truth be told, they find scientists

somewhat frightening too. Sometimes we are. We need look no

further than this Institution: Charles B. Davenport, first director

of Carnegie's laboratories at Cold Spring Harbor, New York,

was an initiator and leader of the scary American eugenics

movement early in the century.

In their usual manner of soliciting research support, scientists

implicitly recognize the skepticism and fear of nonscientists.

Typically, such solicitations are couched in terms of benefits

beyond knowledge itself—in terms of treatment for disease, in

terms of agricultural productivity, and, most recently, in terms

of competitive and thus economic advantage. There is nothing

inherently wrong with these honest arguments. We use them in

the context of what Robert M. Adams, Secretary of the

Smithsonian Institution, recently referred to as the "unwritten

social contract that was drawn up with the larger society in the

years after World War II." Simply put, the public expects and

gets research results that are directly beneficial, and scientists

receive the means to pursue fundamental scientific knowledge.

But while plying the evident benefits, we have not tried very

hard to explain our passion for undirected, unfettered research.

We know how much harder that is than to brag about practical,

beneficial accomplishments.

It is harder because of the profound scientific illiteracy of even

well-educated citizens. And it is harder because of the strong,

anti-intellectual streak in our society, a streak that feeds on the

fear that scientific advances challenge enduring myths and

traditional universal premises. By strange quirks of history and

habit, myths are seen as human, science as inhuman. For

example, John Woolman, an influential 18th-century Friend,

shared with many of his contemporaries the following chilling

view:

I have looked on the Smallpox as a messenger sent

from the Almighty, to be an assistant in the cause of

virtue, and to incite us to consider whether we employ
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our time only in such things as are consistent with perfect

wisdom and goodness.

One can but wonder how Woolman would have reacted to the

recent slaying of the messenger—the worldwide eradication of

smallpox virus. Yet, Woolman's theme still haunts us, as we
have seen in the reaction of some to the AIDS epidemic.

Difficult as it may be, scientists have an obligation to explain

their purposes to the public. Only in this way can fears be

ameliorated. We need to communicate the fact that a challenge

to myth is not the same as a challenge to traditional universal

premise. Science does not undermine fundamental assumptions

about desirable human behavior, about good and evil, about

justice, about freedom, about joy and sadness. It challenges

traditional justifications but not common understandings of

human nature. And science does not diminish our sense of the

wonder of nature. Scientists use the word nature, unencumbered

by values, to describe the whole of the physical universe.

Frequently, when nonscientists use the word it is encumbered

by memory traces of the most ancient of myths, the worship of

nature, of the Earth Mother. Appreciation of nature does not

require mythical nuance. In the words of the late Richard

Feynman:

It does not do harm to the mystery to know a little

about it. For far more marvelous is the truth than any

artists of the past imagined! Why do the poets of the

present not speak of it? What men are poets who can

speak of Jupiter if he were like a man, but if he is

an immense spinning sphere of methane and ammonia
must be silent?!

We at Carnegie hope to convey these beliefs as we make
efforts to reach out to the larger society. Many of these efforts

will be centered at our P-Street administration building, which,

because of its history, facilities, and locality, provides an

appropriate setting.

This past spring, on a lovely June day, Nina Fedoroff and I

visited Barbara McClintock at Cold Spring Harbor. We talked

about our hopes to create research fellowships in each of our

departments in McClintock's name. Then McClintock, lively and

spry in her 86th year, discussed the latest news about maize

transposable elements with Fedoroff, and I joined in when my
work on the human elements was relevant. McClintock was
anxious to show us some leaves she had collected, leaves that

tThe Feynman Lectures in Physics, Addison-Wesley Publishing Co., 1963.
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had constructed, on their surfaces and with their own cells,

small huts harboring developing insects. She saw this phenomenon

as providing a challenging experimental system through which

one could study fundamental questions about the differentiation

of cells into specialized structures. And I saw why our Institution

has been and is remarkable and unique. Andrew Carnegie

started the Institution off with a commitment to the exceptional

individual. Then, and even more now, in a world of increasingly

larger research institutions and increasingly complex manipulation

of funding sources, this small Institution remembers its history.

Then and now, it is ultimately the creative, informed single

person who generates the profound ideas that illuminate our

comprehension of the world and the universe.

It is to this vision that the Carnegie Institution is dedicated.

—Maxine F. Singer

November 1988

Losses, Gains, and Honors

Joseph L. England, former Geophysical Laboratory staff

member, died on December 31, 1987, at the age of 81. England

came to the Geophysical Laboratory as a laboratory assistant in

1926. (His father, J. A. England, was employed there as an

instrument maker.) He received a degree while working at the

Laboratory and, in 1936, he became assistant physicist. He was
appointed staff physicist in 1944, and he retired in 1970. England

was best known for his contribution to the design of instrumen-

tation for phase equilibrium studies in the range up to 2000°C

and 100 kilobars.

Hans Eugster, former Geophysical Laboratory staff member
(1953-1958), died unexpectedly on December 17, 1987, at the

age of 62. Born and educated in Switzerland, Eugster received

his Dipl. Ing. Geol. in 1948 and his Dr. of Natural Science in

1951 from the Swiss Federal Institution of Technology in Zurich.

He did postdoctoral work at MIT before joining the Laboratory.

In 1958, he moved to The Johns Hopkins University where, at

the time of his death, he was professor in the Department of

Earth and Planetary Sciences. Eugster was internationally

known for his wide-ranging work in geochemistry. He was
particularly interested in the study of water-rock interactions.

He pioneered, for example, in the study of salt deposition by the

evaporation of natural waters.

Alexander Pogo, honorary curator of rare books at the

Observatories and former staff member of the Division of
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Historical Research, died on August 30, 1988, at the age of 95.

Pogo received engineering degrees from Liege University in

1920, an A.M. degree in mathematics from Columbia in 1926,

and a Ph.D. in astronomy from the University of Chicago in

1928. He joined the Institution's Department (later Division) of

Historical Research as assistant to George Sarton in 1929. From
1929 until 1950, he carried out investigations in Egyptian

astronomy and Mayan chronology, he served as assistant editor

of Isis and Osiris, and he was secretary of the History of

Science Society. In 1950, he moved to Pasadena to become
librarian and editor of the Mount Wilson and Palomar Observa-

tories. Though he retired in 1959, he continued to serve as

honorary curator of rare books, both at the Observatories and at

Caltech's Milliken Memorial Library.

Former Carnegie bursar Earle Biesecker died in West Virginia

on April 27, 1988, at the age of 94. Biesecker joined Carnegie in

1933 as assistant bursar, became bursar in 1941, and retired in

1960. He introduced a modern auditing system at P Street

and standardized accounting procedures at the Departments. He
also played a leading role in the development of the Institution's

retirement plan.

Ruth McCollum, former assistant to the president, died on

February 29, 1988, at the age of 87. McCollum began her

Carnegie career at DTM, where she spent five years as an

assistant accountant. In 1946, she moved to P Street to become
secretary to the bursar. From 1959 until her retirement in 1962,

she was assistant to former president Caryl Haskins.

Guinevere Smith, former research assistant and librarian

(1928-1963) at Carnegie's former Department of Genetics, died

on November 21, 1987, at age 79.

Yoshihiro Kato, former fellow (1959-1961) and long-time

friend of the Department of Embryology, died in Tokyo on April

23, 1988. One of Japan's leading developmental biologists, Kato

worked for many years at the Mitsubishi-Kasei Institute of Life

Sciences.

Christopher Scarfe, former postdoctoral fellow (1977-1980)

and frequent guest investigator at the Geophysical Laboratory,

was struck by a car and killed while jogging on July 20, 1988.

Scarfe was McCalla Professor at the University of Alberta and a

recent recipient of a Killan Research Fellowship.

Retiring this year from active Carnegie service were DTM
librarian Dorothy Dillin, on March 31 after 28 years; Carroll

Friswold, head of the instrument design group at the Observato-

ries, on June 30 after 15 years; and Embryology laboratory
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helper Ernestine Flemming, on June 30 after 20 years. Edward
H. Snoddy, designer at the Observatories, retired on July 31,

1987, after 16 years of service.

Samuel Ward, staff member at the Department of Embryology
since 1978, has moved to the Department of Molecular and Cell

Biology at the University of Arizona in Tucson. As chairman

of the Department, Ward will oversee a large, planned expansion

of the University's biological research effort. At the same time,

he will continue his own research on pattern formation in the

sperm cell of the nematode C. elegans.

Gains

Three new trustees were elected to the Carnegie Board in

May 1988, all of them executives of major U.S. companies: J.

Irwin Miller, Paul F. Oreffice, and Howard A. Schneiderman.

J. Irwin Miller is currently chairman of the executive and

finance committee of the Cummins Engine Company. He has

been associated with the Indiana-based automotive manufacturing

company since 1934. Before assuming his present position in

1977, he was vice president and general manager (1934-1942),

executive vice president (1944-1947), president (1947-1951), and

chairman of the board (1951-1977). Miller received a B.A.

(1931) from Yale and an M.A. (1933) from Oxford University. A
member of the American Philosophical Society and a fellow of

the American Academy of Arts and Sciences, Miller serves

as chairman of the executive committee, Irwin Union Corporation,

and as a trustee of the National Humanities Center.

Paul F. Oreffice is chairman of the board of The Dow Chemical

Company, a role he assumed full time in December 1987, after

serving since May 1986 as chairman, president, and chief executive

officer. He joined the Michigan-based chemical company in 1953,

serving successively as president of Dow Chemical Latin America

(1966-1970), corporate financial vice-president of Dow Chemical

(1970-1975), president of Dow Chemical U.S.A. (1975-1978),

and president and chief executive officer of The Dow Chemical

Company (1978-1987). Oreffice, who was born in Italy, became a

U.S. citizen in 1951. He holds a B.S. (1949) in chemical

engineering from Purdue University. He is a director of CIGNA
Corporation, The Coca Cola Company, Northern Telecom

Limited, Morgan Stanley Group Inc., and the Chemical Manu-
facturers Association; he is a trustee of the Conference Board, a

member of the Advisory Committee for Trade Negotiations to

the office of the U.S. Trade Representative, and vice chairman

of the board of the American Enterprise Institute. His awards
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include the Palladium Medal, which he received in 1981 from the

Societe de Chimie Industrielle, and the Chemical Industry

Medal (1983) and the Centenary Medal (1987), both from the

Society of Chemical Industry.

Howard A. Schneiderman has been, since 1979, chief scientist

and senior vice president, research and development, for the

Monsanto Company. Previously, he was associated with Cornell

University (1953-1961), Case Western Reserve University

(1961-1969), and the University of California, Irvine (1969-

1979). He received a B.S. (1948) from Swarthmore College, and

an M.A. and Ph.D. (1952) from Harvard. His major research

interests were in the genetics, developmental biology, and

endocrinology of insects. A member of the National Academy of

Sciences and a fellow of the American Academy of Arts and

Sciences, Schneiderman is a presidential appointee to the National

Science Board and a member of the executive committee and

council of the Government-University-Industry Research

Roundtable of the NAS. He is a member of Monsanto's executive

management committee, and serves as advisory director to the

Monsanto board. He is a member of the board of G.D. Searle &
Co. , and of Invitron Co. , and is adjunct professor of biochemistry

at Washington University School of Medicine, St. Louis.

Neil Hoffman joined the Department of Plant Biology as staff

member in June 1988. Hoffman received his B.S. in biology from

Cornell in 1978 and his Ph.D. in plant physiology from the

University of California, Davis, in 1982. He held postdoctoral

fellowships at Michigan State University (1983-1986), Rockefeller

University (1986), and the University of Pennsylvania (1986-

1988) before coming to Carnegie. His major research interest

lies in understanding the molecular basis of protein assembly in

thylakoid membranes.

Anne Keatley, formerly executive director of government and

public affairs, National Research Council/National Academy
of Sciences, was appointed director of institutional and external

affairs at Carnegie on August 1, 1988. While at NRC/NAS,
Keatley directed several major studies of U.S. international

relations in science and technology. She holds a B.A. from

Stetson University and an M.P.A. from Harvard's Kennedy
School of Government.

Murray Stewart joined the P-Street administrative staff in

November 1987 as project manager for the DTM-Geophysical

Laboratory co-location project. Stewart's twenty years of

project-related experience includes recent service as Exxon's

senior project director for design and construction of major
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facilities in Colombia. He holds a B.S. in mechanical engineering

from the University of Saskatchewan and an M.B.A. from New
York University and Wayne State.

Also joining the P-Street staff, in October 1987, was accounting

manager Christine Rogers-Vandercook.

Honors

DTM staff member Vera Rubin received an honorary Doctor

of Science degree from Harvard University in June 1988.

Richard Pagano, staff member of the Department of Embryol-

ogy, was selected to deliver the 1989 Morton Lecture of the

Biochemistry Society.

Joseph Gall of Embryology received the Wilbur Cross Medal
from the Yale University graduate school on May 30. Gall was
also elected to membership in the Accademia Nazionale dei

Lincei.

Embryology staff members Allan Spradling and Steven

McKnight were named Howard Hughes Medical Institute

Investigators on July 1, 1988.

Joseph Berry, staff member at the Department of Plant

Biology, was invited to be the first Paul J. Kramer Distinguished

Scholar in Residence at Duke University's Department of

Botany.

Embryology staff associate David Schwartz was appointed a

1988 Lucille P. Markey Scholar. On April 18, he received a

Biochemical Analysis Award from the German Society of Clinical

Chemistry.

Geophysical Laboratory staff member Robert Hazen was
appointed Visiting Clarence Robinson Professor of Earth Sciences

at George Mason University, a part-time position that will begin

in January 1989.

Donald Brown, director of the Department of Embryology,

presented the annual Proctor & Gamble Lecture in the Life

Sciences at the University of Illinois, Urbana, in April 1988.

Hatten S. Yoder, Jr., director emeritus, Geophysical

Laboratory, was elected this year an honorary fellow of the

Geological Society of London, the oldest geological society in the

world. He was also elected a fellow of the Geological Society of

South Africa.

The C. S. French Symposium on Photosynthesis, honoring C.

Stacy French, former director, Department of Plant Biology,

was held in Stanford, California, July 17-22, 1988.

Former Plant Biology postdoctoral fellow Barbara Demmig
(1984-1986), now at the University of Wiirzburg, received the
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Academy Prize for Biology from the Gottingen Academy of

Science.

Former DTM postdoctoral fellow David Koo (1981-1984), now
at Lick Observatory, received a 1988 Presidential Young
Investigator Award.
Former Geophysical Laboratory postdoctoral fellow Elichi

Takahashi (1979-1981) received The Geochemical Society's F.

W. Clark Award in October 1987.

Carnegie trustee Philip Abelson and his wife, Neva Abelson,

each received a 1988 Distinguished Achievement Award from

the College of Sciences and Arts, Washington State University,

on May 7, 1988. On March 28, 1988, Abelson was the first

recipient of the Association of Biotechnology Companies' Press

Recognition Award. On May 18, 1988, he received the Waldo E.

Smith Award of the American Geophysical Union.

Lewis M. Branscomb received the 1987 Arthur M. Bueche

Award from the National Academy of Engineering. In June, he

became Albert Pratt Public Service Professor at Harvard
University's John F. Kennedy School of Government.

Richard E. Heckert received the University of Illinois Alumni

Achievement Award in May 1988, and, in June, an honorary

Doctorate of Business Administration from Goldey Beacom
College in Wilmington, Delaware.

William R. Hewlett received the Commander's Cross of the

Order of Merit of the Federal Republic of Germany on September

8, 1987. He was inducted into the National Business Hall of

Fame on April 14, 1988.

William F. Kieschnick received the Northwood Institute Arts

and Business Award in February 1988.

Gerald D. Laubach was elected governor-at-large, New York

Academy of Sciences in January 1988. On May 17, 1988, he

received the degree of Doctor of Humane Letters, Honoris

Causis, from the Mount Sinai School of Medicine of the City

University of New York.

Maxine Singer, president of the Carnegie Institution, received

a Distinguished Presidential Rank Award, the nation's highest

civil service prize, from President Reagan in January 1988. On
March 21, 1988, she received the WISE Lifetime Achievement

Award for 1988, presented by the Interagency Committee for

Women in Science and Engineering. In May, she received a

Doctor of Science degree, Honoris Causa, from the Mount Sinai

School of Medicine of the City University of New York, an

honorary Doctor of Science degree from Brandeis University,

and the Barnard Medal of Distinction.
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The Director's Essay

Related problems in developmental and cell biology at the

Department of Embryology are being approached with a wide
variety of experimental systems and organisms. Consider, for

example, our research on chromosomes. David Schwartz studies

the physical behavior of large, chromosome-size DNA molecules,

while Joseph Gall is concerned with the structure of the specialized,

extended "lampbrush" chromosomes and the molecules associated

with them in the nuclei of amphibian oocytes. Douglas Koshland

analyzes how chromosomes are drawn into daughter cells at mitosis

in yeast, taking advantage of the power of genetics and molecular

biology. Yeast is an organism that seems out of place in a department

of embryology, yet it offers technical advantages combining the

simplicity of a prokaryotic organism with the physiology of a higher

eukaryote. Koshland is our newest staff member, and this essay

includes the first account of his work.

The details of how certain genes are expressed and in some cases

amplified in development are analyzed in Drosophila (Spradling

and Beachy), maize (Fedoroff), viruses (McKnight and Lazarowitz),

mammalian liver (McKnight), Xenopus oocytes and embryos
(Brown), and the nematode C. elegans (Fire and Ward). Each one

of these organisms and systems has some special advantage. For
example, maize genetics, which has become something of a Carnegie

tradition, is particularly suited for the study of gene action. Nina
Fedoroff shows in a separate essay how the molecular analysis

of transposable elements in maize can be used to understand the

control of genes in development. We can be confident that the rules

learned from maize will have great relevance for animal development.

As answers to simple questions about gene activity are revealed,

our investigations turn to more-complex systems. For example, we
seek to explain how a virus infects only certain hosts (Lazarowitz),

how the expression of a viral program unfolds after infection

(McKnight), how multiple egg shell components are assembled into

their final structure (Spradling), how a cascade of biochemical

events causes amphibian metamorphosis (Brown), and how multiple

genes are required for formation of one cell type, a sperm.

This last project has occupied Samuel Ward and his colleagues

19
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since he became a staff member in 1978. Ward has just moved to

the Department of Molecular and Cell Biology at the University of

Arizona in Tucson. As chairman of that Department, he will

oversee a very large expansion of the University's biological

research. Sam Ward will be hard to replace. We valued him for his

great breadth of knowledge in all fields of modern biology, which he

shared generously and with enthusiasm.

The research in this Department is directed toward understanding

some of the great problems in biology. In this regard it is over-

whelmingly "basic" in nature, yet a rewarding aspect is the frequency

whereby our findings have relevance to important practical problems,

such as disease states of both animals and plants. The research of

Steven McKnight, highlighted this year in a separate essay, is a

good example. McKnight and his colleagues have purified a protein

that is essential for regulating the expression of certain animal

genes. This past year, they isolated the gene encoding this protein

and were able to deduce the protein's exact sequence. From the

sequence, they recognized that one region was very similar to parts

of certain other proteins encoded by cancer-causing genes called

oncogenes. They named the structure a "leucine zipper" because it

contains the amino acid leucine as part of a repetitive structure

than can "zip" up two molecules of the protein into a dimer.

Dimerization is required before this class of proteins can bind to

and activate the expression of genes. Thus we come one step closer

toward understanding the molecular basis of how oncogenes cause

cancer.

Chromosomes in Eukaryotic Cells

Pulsed Electrophoresis: New Techniques and Improvements.

Until staff associate David Schwartz developed pulsed electrophoresis

to resolve very large DNA molecules (Year Book 85, pp. 25-27), it

was not possible to separate these molecules electrophoretically;

they would distort too much as they ran through the agarose gel.

By applying an electric field across the gel and changing the field's

orientation as the DNA moved through, Schwartz found he could

correct for distortion and separate even chromosome-size DNA.
A year ago, Schwartz reported the first direct observation of a

large (0.2 mm long), fluorescently labeled DNA molecule during

pulsed electrophoresis. Using a newly installed image processor

system connected to a very sensitive low-light-level video camera,

and working in collaboration with staff member Richard Pagano
and graduate student Michael Koval, he was able to image the

moving molecule as a series of digitized "snapshots" taken

approximately five seconds apart. When retrieved back in rapid

succession on a video monitor, the snapshots created a "movie" of

molecular motion.
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Schwartz's imaging experiment confirmed the theoretical model
he had earlier developed (Year Book 86, pp. 26-27) explaining the

conformation changes of the DNA as it moved through the gel.

This year, his imaging data uncovered some new physical phenomena.

He found that the coiled balls of DNA (which he calls blobs) that

squeeze through the gel matrix may be larger than predicted by his

model, and that the gel matrix is not rigid to the blob motions; the

matrix can actually stretch or rip as the DNA blobs move through

it. In other words, the currently accepted model of an agarose

matrix as a mass of rigid rods is incorrect. Instead, the matrix

should be viewed as a series of stretchable rubber bands. Another
way of thinking about DNA blob motion through the gel matrix,

according to Schwartz, is to imagine a snake engulfing an intact,

large animal and watching the snake body stretch as the meal
passes into its gut. Schwartz is attempting to quantitate his

imaging data so he can construct a more accurate model of pulsed

gel electrophoresis. Needless to say, a stretchable gel matrix will

greatly complicate his task.

In addition to using fluorescence microscopy to image DNA
molecules during pulsed electrophoresis, Schwartz is developing a

new technique which involves stretching out and fixing in place

single DNA molecules for very fast restriction mapping. To do this,

a large DNA molecule is completely stretched out (similar to a long

thread), fixed in place, and then digested with a restriction enzyme
which only cleaves the DNA strand at specific recognition sequences.

The resulting digest is visualized as a series of small aligned

fragments, directly providing a map, or listing, of fragment sizes

and loci.

While continuing to explore the use of fluorescent microscopy,

Schwartz this year also designed and constructed a new instrument

capable of following DNA molecular orientation in a gel during

pulsed electrophoresis. The instrument uses birefrigence (change in

refractive index, i.e., the ability to bend light) to detect DNA
molecular orientation in response to an applied electrical field.

Using this instrumentation, he found that the process of orienting

DNA molecules in agarose gel mediated by an electrical field is

quite complicated. He has, however, found evidence for the existence

of DNA blobs, as predicted by his model.

Schwartz's goal in using birefringence to study molecular

orientation processes during pulsed electrophoresis goes beyond

understanding the physics behind the process. He hopes it will

provide new methodologies for rapidly mapping (assigning of genes

or fragments to specific genomic loci) and sequencing large genomes,

which both now rely on electrophoretic analysis. He is currently

developing new birefringence methods to rapidly size a collection of

different-length DNA molecules; if successful, his efforts might lead

to a new and greatly accelerated technique—electrophoretic
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spectroscopy—which could eventually supplant electrophoresis.

In work aimed at improving pulsed electrophoresis, Schwartz
this year discovered a previously unknown electrophoretic effect

and developed a new method to increase the variety of separations

that can be obtained. Size resolution of the DNA molecules depends
on the angle between applied electrical fields (called the field

angle). His new method uses short pulses to compose and vary field

angles even during an electrophoretic run. Named POE (Pulsed

Oriented Electrophoresis), the method increases the number of

usable separation variables from three to seven (compared to

pulsed electrophoresis). POE is currently being submitted to the

patent office.

The instrumentation needed for POE is surprisingly simple, and,

in collaborative work with Pam Arn and Mimi Jabs at The Johns
Hopkins University School of Medicine, Schwartz has been able to

use it to resolve very large restriction fragments (10 megabases or

larger) of human DNA. Hybridization studies with sequences of

human centromeres (a structure required for replication) indicate

that the large restriction fragments may contain entire centromeres.

This work promises to shed new light on this highly specialized but

poorly understood domain of human chromosomes.

Proteins in Lampbrush Chromosomes. The study of the structure

and function of chromosomes, particularly the ways in which their

activity affects development of the embryo, has for many years

been the research domain of Joseph Gall. Gall and his colleagues

use the lampbrush chromosomes found in maturing amphibian eggs

before fertilization (the oocytes) because these chromosomes are

so large and because their products control all events during the

early stages of development.

Lampbrush chromosomes were so named because of their fancied

resemblance to lamp chimney brushes used in the nineteenth

century. They consist of many hundreds of looped-out segments on

which active RNA synthesis (transcription) is taking place. In

amphibians like the frog and newt, the lampbrush chromosomes
reach gigantic proportions, up to a millimeter in length, permitting

a variety of molecular and microscopical studies that cannot be

done on chromosomes in any other organism.

During the past year, members of Gall's laboratory have focused

their efforts on identifying and characterizing several proteins

associated with the RNA on the loops. Two years ago, they produced

a number of monoclonal antibodies that react specifically with loop

proteins. Some of these antibodies react with nearly all loops on the

chromosomes, whereas others react with only one pair of loops or

with small numbers of loops. Antibodies that react with nearly

all loops recognize proteins that are probably involved in general
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aspects of RNA metabolism, such as processing, packaging,

transport, or targeting of the RNA. Gall's lab this year concentrated

on one antibody of this type, called SE5. They used the SE5
antibody to isolate the gene coding for the SE5 protein. They then

sequenced most of the gene, and began experiments to explore

cellular movement of its product. Their goal is to learn what
happens to the SE5 protein from the time it is synthesized in the

oocyte cytoplasm until it ends up on the lampbrush loops associated

with RNA. Is it regularly associated with any other proteins on the

loops?

They have similar goals for the monoclonal antibody 104, which
recognizes and reacts with a single pair of large loops on one

chromosome of the toad Xenopus. This antibody (104) also reacts

with small granules found in somatic nuclei of the toad and many
other organisms. Because the antibody recognizes a phosphorylated

epitope, Gall and colleagues have been unable to use it to isolate

the gene from a bacterial expression library. They have, however,

isolated a small quantity of the protein itself from toad ovaries. By
microsequencing a short segment of the protein, they will be able

to construct an appropriate oligonucleotide probe for selecting the

gene from a library.

As these and related studies continue, Gall, in collaboration with

H. G. Callan (St. Andrews University, Scotland), has completed an

in situ hybridization study of the 5S rRNA gene sequences on

Xenopus lampbrush chromosomes. Gall and Callan mapped both

somatic-type and oocyte-type genes and found, surprisingly, that

the somatic-type genes are located on lampbrush loops whereas the

oocyte-type are found in condensed granules at the ends of the

chromosomes. Genes on loops are generally transcribed by polymerase

II, the "wrong" polymerase for 5S genes. The two investigators

suggest that the somatic gene transcripts are read incorrectly by
polymerase II. They will test this postulate in studies with additional

probes and with a-amanitin, an inhibitor of RNA synthesis.

Chromosome Segregation. When a eukaryotic cell divides, each

daughter cell receives an identical complement of DNA by the

precise replication and segregation of the parent cell's chromosomes.

As the chromosomes replicate, the sister strands (chromatids) are

held together at the kinetochore. (The kinetochore is defined

genetically as the centromere.) The kinetochore interacts with long

filaments called microtubules, which attach both to the kinetochore

and to the cell's mitotic spindle. Chromosome segregation occurs

during anaphase, when the chromatids move towards opposite poles

of the spindle (anaphase A), and the poles of the spindle move
towards opposite poles of the cell (anaphase B). The molecular

mechanism behind this process, studied by Douglas Koshland,

remains obscure. Its study is justified not only because it is a
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fundamental cellular process essential for the division of cells in all

eukaryotic organisms but also because it involves mechanisms
that may be fundamental to other cellular processes.

Before coming to the Department of Embryology in September
1987, Koshland spent several months in Marc Kirschner's laboratory

at the University of California, San Francisco. While there, he

constructed complexes between chromosomes isolated from Chinese

Hamster Ovary cells and microtubules assembled from purified

bovine tubulin. Koshland attached the chromosomes to the plus end
of microtubules and monitored their movement towards the minus
end, a process analogous to the movement of chromosomes in

anaphase A. He was able to demonstrate that movement of

chromosomes towards the minus end of the microtubules could be

driven by energy released during the loss of subunits from the plus

end of the microtubules proximal to the kinetochore. Furthermore,

he found that the rate of movement of the chromosomes was
regulated by the rate of loss of subunits from the plus end. In this

in vitro system, chromosomes move at the same rate and distance

as they do in vivo during anaphase A.The similarities between the

properties of the in vitro system and in vivo movement suggest

that they occur by similar mechanisms.

During his initial months at Carnegie, Koshland has been
developing tools necessary to analyze chromosome segregation in

the yeast Saccharomyces cerevisiae. He and his colleagues have

constructed derivatives of chromosome III that harbor mutations in

the DNA component of the kinetochore. These chromosomes will be

used to identify proteins that act at the kinetochore, and the genes

that encode them.

Minichromosomes, small, circular DNA molecules that contain a

functional kinetochore and an origin of replication, replicate and

segregate like endogenous chromosomes of yeast. Koshland and

technician Jeff Kingsbury have made extracts from yeast containing

one of these minichromosomes and have purified it away from other

endogenous chromosomes. The purified minichromosomes will be

used as substrates to develop in vitro assays for kinetochore

function. These in vitro assays coupled with the mutants described

above will serve as cornerstones for elucidating the molecular

mechanism by which molecules at the kinetochore generate

chromosome movement and for understanding the relevance of

these activities to mitosis in the living cell.

Chromosome Replication. During mitosis, before segregation,

eukaryotic chromosomes routinely replicate to produce copies of

themselves. DNA duplication begins in thousands of individual

regions (replicons) spaced along each chromosome, and spreads

bidirectionally until adjacent replicons fuse. An unknown but highly

effective control mechanism ensures that every chromosome region
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replicates once and only once during each cell cycle. Misfunction of

even a single replicon could cause the incompletely duplicated

chromosome to break during the next cell division, killing one or

both daughter cells. Despite the existence of these interesting and

vitally important control mechanisms, eukaryotic replication has

remained difficult to study at the molecular level. Almost nothing

has been learned about specific, individual replicons within a

chromosome, or even if the same replicons are used in subsequent

generations.

Most theories of chromosome duplication postulate that individual

replicons are, indeed, used reproducibly; new rounds of replication

are thought to begin only at specific DNA sequences termed
"replication origins." Each replicon would simply represent the

region around an active origin. Changes in the number and location

of replicons that sometimes occur during embryonic development
would be explained by mechanisms which activate or repress

individual origins.

Although this model finds much support in studies of bacterial

and animal virus reproduction, studies of Xenopus eggs have shown
that specific origin sequences are not absolutely necessary to

initiate DNA replication during the rapid divisions that follow

fertilization. Cells which divide rapidly must duplicate their

chromosomes more quickly than slowly growing cells. They do so

by increasing the number of different sites at which replication

initiates, thereby reducing the size of the region that each replication

fork must duplicate, allowing more rapid completion. If specific

origins are used to control these changes, then regulation is likely

to occur by the binding of specific molecules that activate or

repress the individual origins. Such regulators might bind directly

to the origin, or, alternatively, to a nearby DNA region that is

itself specialized for a role in regulating origin activation.

Allan Spradling's ongoing studies of eggshell gene amplification in

Drosophila are providing new insight into these questions. Several

years ago, Spradling found that, during oogenesis, two chromosome
regions that contain chorion (eggshell protein) genes undergo

additional rounds of DNA replication in order to provide the large

number of templates needed to synthesize the eggshell surrounding

each mature egg. This year, Spradling and his colleagues identified

a specific replication origin within the third chromosome that is

used during chorion gene amplification.

The replication origin was identified using an electrophoretic

technique developed by B. Brewer and W. Fangman (University of

Washington, Seattle). DNA molecules purified from amplifying

Drosophila egg chambers were specifically cleaved and separated in

two dimensions (Fig. 1). Linear molecules from unreplicated or

completely replicated fragments migrate in a diagonal band
("linears"). Y-shaped molecules containing a single replication fork
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Fig. 1. Direct visualization of replicating DNA
during chorion gene amplification, by Allan

Spradling and colleagues. DNA from 200

amplifying egg chambers was restricted with Eco
RI and separated on a two-dimensional gel, as

described by Brewer and Fangman (Cell 51, 463,

1987). Separation in the first dimension is by
size, while in the second dimension both size and

conformation (i.e., molecular structure) influence

mobility. The DNA was transferred to

nitrocellulose and probed to reveal DNAs
derived from the central 7.7-kb region of the

third chromosome chorion gene cluster.

The structures observed are explained in detail

in the text; the molecules seen in the region

"bubbles" indicate that the 7.7-kb region must
contain at least one replication origin site.

B
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bubbles
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Size

migrate along a curved path that touches the region occupied by
linear molecules at each end ("Y's"). Molecules containing two
diverging forks migrate in a slightly curved path away from the

position of the corresponding linear fragment ("bubbles"). The
molecules labeled in Figure 1 derive from a 7.7-kb fragment lying

within the third-chromosome amplified region that has been the

subject of much previous study in Spradling's laboratory. The
presence of the bubble-shaped molecules indicates that at least one

origin sequence is located within this fragment.

By analyzing replicating molecules on gels, postdoctoral fellow

Margarete Heck has mapped a specific replication-origin sequence,

called "ori"' within the 7.7-kb region. She demonstrated that

mapping could be carried out on segments of chorion DNA which

had been cloned, mutated, and reintroduced into the germline

genome by P-element transformation. In this technique, exogenous

DNA is spliced into a transposable element, which, when injected

into the nucleus, inserts itself and its passenger into the genome.

This approach also makes it possible to study particular DNAs
directly to determine what role they play in origin function. In

particular, it provides new insight into the "amplification control

element" (ACE) sequences previously identified by former
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postdoctoral fellow Terry Orr-Weaver. In transformants containing

the 7.7-kb fragment, one of these control elements, ACE3, which is

located upstream of the si8 chorion gene, regulates the initiation

of replication forks from ori' about 1.6 kb downstream. In the

normal gene cluster, ACE3 probably controls initiation from both

ori' and one or more additional replication origins. In the future,

Spradling and his colleagues will attempt to understand the properties

of ACE3. If the mechanisms controlling chorion gene amplification

are typical of those regulating chromosome replication generally,

then studies of this system could facilitate a much more detailed

understanding of how eukaryotic chromosome replication is controlled.

Further insight into the molecular mechanism which allows

ACE3 to activate replication origins will come from studies of

genes encoding products required for amplification. This year

postdoctoral fellow John Tower has identified several new amplifica-

tion genes in Drosophila, including a locus called chiffon. He has

studied four alleles at the chiffon locus which differ in the severity

with which they reduce amplification in homozygous females. The
strongest allelic combinations are semilethal, suggesting that

chiffon may be like fs(1)293 and mus(1)101, two genes which can

disrupt amplification or arrest mitotic cells. Spradling and his

colleagues hope to learn whether these newly identified genes

encode replication enzymes that disrupt amplification indirectly

through an effect on the cell cycle.

Another new amplification-related gene was defined by a single

P-element insertion strain constructed by graduate student Lin

Yue, using the method developed by former fellow Lynn Cooley

(Year Book 85, p. 37) and improved by postdoctoral fellow Celeste

Berg.

Gene Expression and Control

The Homeotic Ubx Gene in Drosophila. An emerging theme in

the study of animal development is the importance of genetic

control hierarchies. In Drosophila embryonic development, for

example, three groups of genes are known to function sequentially,

with each group's correct expression dependent on the function of

genes from earlier-acting groups. The first group of genes is

required during oogenesis for the establishment of dorsal/ventral

and anterior/posterior polarities. The second consists of genes

which divide the early embryo into segments. The third group

comprises the homeotic genes, which control the program of

morphogenesis to produce specific structures unique to each segment.

This genetic control hierarchy almost certainly extends to genes

beyond the third group, but little is known about what these

downstream genes are or how they are regulated.

Staff associate Philip Beachy is currently exploring the role
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played by the homeotic gene Ubx (Ultrabithorax) within this

hierarchy. Some time ago, he showed that proteins encoded by Ubx
reside predominantly within the nucleus and that they bind tightly

to specific DNA sequences. These properties suggest that Ubx
products play a role in gene regulation, and place Ubx and other

homeotic genes within a control hierarchy.

During the past year, Beachy studied in detail the binding

properties of a particular Ubx protein which he purified from an E.

coli strain engineered to produce it at high levels. This Ubx protein

binds to two regions in DNA near its own promoter. (Many of the

genes in Drosophila control hierarchies play a role not only in the

regulation of other genes, but also in autoregulation.) Surprisingly,

Beachy found that the DNA-bound Ubx proteins at these two
sites interact to form a DNA loop. He has verified the formation of

this loop by biochemical experiments, and with the help of Jacob

Varkey, a postdoctoral fellow at the Department of Embryology,
has directly visualized it in the electron microscope.

The role of DNA-looping in gene regulation has been studied in

bacteria, but little is known about this phenomenon in eukaryotes.

Beachy is currently engaged in trying to understand how the loop

functions in Ubx gene regulation in Drosophila cells. He is especially

interested in the possibility that DNA-looping may play a role in

many developmentally important regulatory interactions.

The Control of 5S RNA Genes in Xenopus. Interactions between
genes and proteins have provided a long-time theme for Donald

Brown in his study of differential gene activity in eukaryotes. As a

model system, Brown uses the "dual" 5S ribosomal RNA gene

system in Xenopus. This system consists of two closely related

genes: the somatic 5S RNA genes, which are active in all cells, and

the oocyte 5S RNA genes, which are active only in oocytes. When
a 5S ribosomal gene is active, it is complexed with more than one

protein molecule. This nucleoprotein complex directs RNA polymerase

to transcribe the gene accurately. A repressed 5S ribosomal gene,

on the other hand, is not complexed with these same protein

molecules but instead is wrapped into chromatin. Most of the DNA
in eukaryotic cells is in the form of chromatin, i.e., it is complexed

along its length repeatedly with proteins called histones. DNA in

chromatin is inaccessible to molecules that activate genes. The two
genes in the 5S RNA gene system develop different activity

patterns during embryogenesis, that is, they turn on and off at

different times. The decision whether a gene is active or repressed

depends upon the tightness with which the various protein

molecules that activate or repress the gene bind to it, and the

abundance of these proteins at the time when the gene is

programmed.

Most of the important proteins that activate 5S RNA genes have
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not yet been characterized. This remains an important ongoing

project in Brown's and several other laboratories. During the past

year, postdoctoral fellow Martyn Darby developed biochemical

assays to detect the transcription complexes surrounding the 5S
RNA gene.

The protein factor required for 5S RNA gene activity that has

been characterized is called TFIIIA. This protein exists in two
distinct forms in somatic cells and in only one form in oocytes.

Postdoctoral fellow Sang-Hee Kim is characterizing the protein

form found only in somatic cells to determine whether its properties

are different from the well-characterized form of TFIIIA found in

oocytes.

Eric Crawford, a graduate student in Brown's lab, died tragically

in June 1988. The research for his thesis was nearing completion.

He had cloned and sequenced the genes encoding two abundant

proteins that are part of a ribonucleoprotein storage particle that

accumulates within the cytoplasm of immature Xenopus oocytes.

The larger of the two proteins binds transfer RNAs and is related

to a well-known, essential protein called elongation factor- 1 alpha

(EF-la). EF-la binds transfer RNA in somatic cells and positions

them on the ribosome to facilitate protein synthesis. The protein

studied by Crawford clearly makes use of the transfer RNA
binding ability of EF-la, but for another purpose—to store tRNA
synthesized in immature oocytes for use weeks and months later,

during oogenesis and embryogenesis. The smaller protein in the

ribonucleoprotein storage particle studied by Crawford binds

5S RNA and stores it for incorporation into ribosomes. This protein

is related in structure to the transcription factor TFIIIA, which

binds 5S DNA and 5S RNA. The related protein binds 5S RNA,
but it is not known whether it can also bind 5S DNA. This project

is being continued by postdoctoral fellow Keith Joho.

As many of the rules that define how simple gene systems work
are elucidated, developmental biologists interested in gene action in

development are turning to complex systems involving multiple

genes. With this in mind, Brown's laboratory has begun to study

amphibian metamorphosis. The complex change from tadpole to

frog is known to be dependent on the hormone thyroxine. Using

the language of developmental biology we would say that thyroxine

is a biological "determinant." The goal of this work, led by
postdoctoral fellow Yoshio Yaoita, is to follow the cascade of

biochemical events initiated by this simple molecule and ending in

the transformation of every tissue of the animal.

Control of the Expression of Muscle Genes. C. elegans is a

simple roundworm ideally suited for the study of cellular differen-

tiation. The newly hatched animal has only about five hundred
cells. These include many of the cell types seen in higher organisms:
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muscle, epidermis, intestine, and a variety of neurons and support

cells. All of the differentiated cell types arise from a single fertilized

oocyte within the first few hours of embryogenesis. The pattern of

cell divisions (the "cell lineage") leading from an oocyte to the

constellation of differentiated cells has been described in detail for

C. elegans, and is virtually identical in every C. elegans embryo.

Staff associate Andrew Fire and technician Susan Harrison use

C. elegans to study the signals leading to the production of muscle

cells. The muscle cells are particularly appropriate for defining

developmental signals, as their function, biochemical composition,

and anatomy have been the subjects of extensive characterization

in several labs. There are two distinct muscle types in C. elegans:

the pharyngeal muscles, used by the animal to eat and grind

food, and the body wall-type muscles, used primarily for locomotion.

The major components of muscle cells are a set of thin and thick

filaments that slide against each other, allowing muscles to contract.

The thick filaments consist primarily of a protein called myosin, and
the thin filaments are made primarily of another protein called

actin. In studying gene expression in muscle cells, Fire began with

the set of genes that encodes the large protein chain of myosin.

There are four such genes; two (myoA and myoB) are expressed

only in body wall-type muscle and two (myoC and myoD) only in

pharyngeal muscle.

In order to analyze expression of the myosin genes, Fire has

used gene transfer techniques, which he recently developed for C.

elegans, that involve micro-injection of DNAs into C. elegans

oocytes. Originally, Fire, in collaboration with R. Waterston

(Washington University), had demonstrated that isolated DNA
segments containing either myoA or myoB could function properly

when reinserted randomly into the animal's genome. These
experiments were done with large segments of DNA containing

both coding sequences (about 6.5 kb long) and introns (short

segments within the coding region that are spliced out of the final

transcript), as well as several thousand base pairs (flanking DNA)
on each side of the coding region.

Fire and Harrison have spent much of this year in a detailed

analysis of the myoB gene to determine precisely which sequences

play a role in expression. They have mapped the messenger RNA
transcribed from the myoB gene, and showed that, like most

mRNAs, it contains short upstream and downstream leader segments

in addition to the coding region. Surprisingly, they found that

sequences located entirely within the transcribed region are sufficient

for normal myoB expression; i.e., none of the other flanking DNA
is required. They showed this by replacing all of the DNA sequences

flanking the transcribed region with unrelated plasmid or C.

elegans sequences, with no effect on expression. The short upstream

leader segment present at the beginning of the mRNA is also
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dispensable for expression, although replacement of this segment
can have quantitative effects on expression.

Several critical domains within the transcribed region have been
identified. Sequences around the center of the 203-base downstream
leader segment are required for expression of the gene and may
play some role in stabilizing the mRNA. The introns also contribute

to the expression of the gene. Deletion of the first four introns

leads to gene inactivity. Either one of the first two introns can

restore activity when added back. Further analysis with different

intron segments suggests that indeed any intron placed near the

beginning of the transcript might suffice. Thus there appears to be

a mechanistic requirement for a splicing event.

Initial deletion analysis of the whole myosin gene gave no clear

indication of which sequences were responsible for the tissue and

muscle-type specificity of expression. In order to delimit sequences

important for tissue specificity, another assay using a foreign

marker gene has been developed. The foreign gene used is the E.

coli gene encoding alkaline beta-galactosidase (|3-GAL), an enzyme
not present in C. elegans. In order to test the effect of a specific

segment of DNA on gene expression, that segment is fused to the

(3-GAL gene and the fusion DNA "construct" is introduced into

C. elegans oocytes. The oocytes grow into adult worms, which are

then stained using a set of reagents that yield a distinct blue

color wherever the (3-GAL enzyme has been expressed. By inserting

varipus regions from the different myosin genes, it has been

possible to determine which sequences contribute to the body wall

and pharyngeal specificities of the gene.

The myoB gene apparently has two separate regions capable of

directing expression to body wall. A segment inside the transcribed

region (about 100 base pairs downstream of the start of the gene)

confers strong body wall-specific expression on (3-GAL. This region

of DNA can function even when it is inverted, and can act up to

several thousand bases from the start of transcription. This defines

the segment as a tissue-specific "enhancer" element; similar functional

elements have been described for a number of vertebrate genes. A
second segment, lying just upstream of the myoB gene, is

independently sufficient for body wall-specific expression of |3-

GAL. For tissue-specific expression of the whole myosin gene, the

two elements appear indeed to act independently; either the

upstream element or the internal enhancer element (but not both)

may be deleted from the whole myosin gene with retention of

biological activity. The combination of two, independent, tissue-

specific elements controlling myoB may be an evolutionary indication

of the importance of tightly restricting expression of this myosin to

the correct cell type.

The Genes Responsible for Sperm Morphogenesis. Multiple genes
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SPERMATOGENESIS-DEFECTIVE MUTANTS
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Fig. 2. Diagrammatic summary of spermatogenesis-defective

mutants and their effects on normal sperm development, as

discovered in experiments by Samuel Ward and colleagues. The
arrows along the left side and top of the diagram indicate the

normal sequence of events during spermatogenesis, from primary

spermatocytes to mature spermatozoa. Mutant genes (denoted

spe- or fer-) are placed on the diagram according to the stage of

development at which the mutant sperm are arrested or disrupted.

The arrows branching downward from the main pathway indicate

mutants that arrest as intermediates with obvious abnormalities,

as drawn.
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and multiple biochemical events are responsible for the formation of

the cell type studied by Samuel Ward, the spermatozoa of the

roundworm C. elegans. The roundworm can be raised easily in the

laboratory, and mutants that have disrupted sperm development

can be recognized by their sterile phenotype. Previous Year Books

(1978-1987) have described the development of the sperm and

characterized mutations in genes that are necessary for sperm
development. Some of these mutations disrupt the sperm's amoeboid

motility (roundworm sperm do not have long tails that propel them,

but crawl like an amoeba); others alter the shape of the cell or

disrupt its normally asymmetric surface; some prevent the formation

of the pseudopod.

Ward and his colleagues have now identified more than forty

genes that disrupt spermatogenesis. The effects of mutations in

these genes is summarized in Figure 2. This figure shows diagram-

matically the appearance of intermediates in the pathway of cellular

differentiation leading to formation of the spermatozoa. Along the

pathway are shown the names of genes in which mutations prevent

development to the next intermediate in the pathway. For example,

mutations in the spe-25 gene block the pathway early so that only

spermatocytes (the earliest form of developing sperm) are formed,
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whereas mutation in the fer-15 gene block the pathway so that

spermatids accumulate. In contrast, mutations in genes such as spe-

k cause formation of aberrant intermediates shown below the

normal pathway. This happens because the mutations disrupt one

part of cellular differentiation but allow other parts to proceed.

Many genes act late in the pathway so that mutations in them
still allow the formation of normal-looking crawling spermatozoa.

These spermatozoa, however, do not function properly. Recently,

in collaboration with Susan Strome's laboratory at Indiana University,

Ward and colleagues found that spe-11 spermatozoa actually do

fertilize eggs but they produce defective embryos. These embryos
never show any sign of the head-tail polarity that normally establishes

the two ends of the worm. This gene thus identifies a component in

the spermatozoa that must be essential for the establishment of

polarity in embryos.

Gene Expression in Plant Viruses. The smallest known genomes
belong to a family of viruses called geminiviruses. These viruses

are economically important plant pathogens which are normally

transmitted by insects and contain their genetic information either

as a single ~2.7-kb DNA (single component) or as two ~2.7-kb

DNAs (bipartite). Over the past several years, staff associate

Sondra Lazarowitz has been studying two geminiviruses: the

single-component maize streak virus (MSV), a serious agricultural

problem in central Africa, and the bipartite squash leaf curl virus

(SqLCV), of current economic concern in the southwestern United

States. Her investigation has focused on (1) understanding the viral

gene functions important in the systemic spread of the virus and

disease development in the infected plant, (2) elucidating the

molecular basis for viral host-range phenotypes, and (3) using these

viruses as models for the study of gene regulation in monocotyle-

donous and dicotyledonous plants.

Although the very small size of the MSV genome is sufficient to

encode only three average-sized proteins, this virus is capable of

causing severe disease in many monocots. Having sequenced

the single genomic component of MSV two years ago and demon-
strated infectivity by using Agrobacterium tumefaciens carrying a

cloned dimeric construct of the viral DNA to inoculate corn plants

(agroinoculation), Lazarowitz has since been using site-directed

mutagenesis to identify the viral gene functions essential for

systemic spread and symptom development during infection. Her
analyses this year show that the capsid (coat protein) gene of MSV
is not required for replication, but is essential for movement of

the virus in the plant and subsequent disease development. A
second viral gene located immediately upstream of the capsid gene

and predicted to encode a protein of 10.9 kilodaltons was also found

to be dispensable for replication but essential for viral movement.
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By these studies, the MSV sequences that support autonomous
viral replication were localized to a 1.7-kb segment of the genome
containing the two viral intergenic regions and two small, overlapping

potential viral genes.

Lazarowitz has recently added a new aspect to her MSV studies,

one that directly addresses a third-world problem. Because MSV
is a serious economic problem in central Africa, the identification of

corn plants resistant to MSV infection, and their subsequent

introduction into the field, would be of major agricultural benefit.

In collaboration with investigators in Nigeria, Lazarowitz is

attempting to develop convenient assays for identifying such

disease resistance in maize. Ultimately this should lead to the

isolation of genes from corn which confer resistance to MSV.
Like the single-component geminiviruses, the bipartite geminivi-

ruses cause severe disease and serious economic losses. In the

bipartite viruses, both viral genomic components are required for a

successful infection. Several years ago, Lazarowitz identified two
highly homologous SqLCVs (SqLCV-E and SqLCV-R) with different

host ranges. She has since succeeded in cloning the genomes of

these viruses and has used agroinoculation to develop infectivity

assays in different host plants. These studies have focused on the

molecular basis for communication between the two genomic

components of the bipartite viruses (how the A and B components
recognize each other and stay together during an infection), and for

differences in host range. She finds that even though the genomic

components of the two SqLCVs are almost identical in sequence, in

mixed infections there is a strong bias for the homologous pairs

AE-BE and AR-BR of components to recognize each other.

Heterologous combinations of A and B components can infect plants,

but do so inefficiently compared to the homologous pairs. In plants

inoculated with mixtures of three components, the homologous pair

emerges to the exclusion of the one heterologous component. There

is a 200-base region of sequence identity (the Common Region)

found in the A and B components of every bipartite geminivirus.

This Common Region is likely to be important in keeping the two
genomic components together. A 13-base deletion which Lazarowitz

identified in this region may affect the recognition between viral

components.

Using mixed infections and site-directed mutagenesis, Lazarowitz

has begun to investigate the molecular basis for the host-range

differences in the two SqLCVs. She finds that restriction to

infection in certain hosts appears to involve transcription of a viral

gene essential for replication. By exchanging different parts of

the two different viral genomes, she should be able to directly

identify the viral sequence elements involved. She can then begin

to investigate the host-cell factors essential in modulating the viral

infection.
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Cellular Communication

Liposomes as a Model System. Richard Pagano continues to

study the metabolism and intracellular transport of lipid molecules

in animal cells. His goals are to elucidate the molecular mechanisms
by which different species of lipids are assembled into the membranes
of various intracellular organelles during membrane biogenesis,

and to understand how the unique lipid composition of each type of

organelle is maintained during normal cell growth and division.

This year, with postdoctoral fellow Toshiba Kobayashi, he paid

particular attention to the Golgi apparatus.

The movement of newly synthesized membrane or secretory

proteins from the endoplasmic reticulum (ER) to the Golgi apparatus

occurs via transport vesicles formed by the outward budding of the

ER membrane. These vesicles, which are composed of both lipids

and proteins, migrate to the Golgi apparatus and subsequently fuse

with that organelle. At the Golgi apparatus, important post-

translational modifications of the newly synthesized proteins occur.

The modified proteins are then "targeted" to their final destinations

within (or outside) the cell.

Most of the efforts to understand the molecular mechanisms
underlying ER-to-Golgi transport have focused on the amino acid

sequences of the proteins, which may control either the retention of

these proteins in, or their export from, the ER. The work, using a

variety of biochemical, genetic, and molecular approaches, has

benefited from the development of cell-free systems and "perforated"

cell preparations which support vesicle transport between intracellular

organelles. (Perforated cells are treated to produce large "pores" at

the plasma membrane. These pores allow the introduction of large

molecules and vesicles directly into the cell interior.) However,
there is little information on the transport vesicles themselves.

Quantitative studies on the rates of bulk membrane flow from the

ER to the cell surface suggest that vesicle transport from the ER
is an extremely rapid and extensive process. Since ER-to-Golgi

transport vesicles have not yet been isolated and characterized,

there is no detailed information on their composition, size, charge,

or mode of interaction with the Golgi apparatus.

To study such intracellular transport, Kobayashi and Pagano
used artificial lipid vesicles (liposomes) with perforated cells as a

model system. They were particularly interested in learning

whether these lipid vesicles could be transported and targeted to

specific organelles, and, if so, how, by varying vesicle parameters

such as lipid composition and size, their behavior would be affected.

In the presence of an energy (ATP) generating system, they found

that liposomes of simple and defined composition fused with the

Golgi apparatus of cells, delivering both vesicle lipids and their



Fig. 3. Fusion of liposomes with the Golgi apparatus of

cultured cells. Richard Pagano and Toshiba Kobayashi incubated

perforated human skin fibroblasts with artificial lipid vesicles

(liposomes) containing the water-soluble fluorescent dye, calcein.

Incubations were carried out for ten minutes at 30°C in the

presence of an energy (ATP) generating system, and the cells

were then washed and observed by fluorescence or phase

microscopy. At left, fluorescence image; at right, phase image.

Note delivery of fluorescent material to the Golgi apparatus

at arrows. No labeling was seen when incubations were carried

out in energy-depleted cells (not shown).

contents (aqueous solutions of small dyes or encapsulated proteins)

to this organelle (Fig. 3).

This finding suggests that artificial lipid vesicles may substitute

for natural ER-to-Golgi transport vesicles and be a useful model
system for exploring the interactions of such transport vesicles

with the Golgi apparatus. In addition, this work provides an

important tool for effecting the specific delivery of labeled lipids

and macromolecules to the Golgi apparatus, which should prove

useful in future studies of Golgi function.

The Human Embryo Collection

Inquiries concerning the human and comparative collections, as

well as requests for permission for publication, should be addressed

to Professor Ronan O'Rahilly, Carnegie Laboratories of Embryology,

California Primate Research Center, Davis, California, 95616.

The monograph Developmental Stages in Human Embryos was
published during the past year by the Carnegie Institution. The
volume contains a formal classification into 23 developmental stages
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for the first eight weeks, a revision of Streeter's well-known

studies, a catalog of the preparations in the Carnegie Collection, a

reference guide to important specimens in other laboratories, and a

bibliography. Also published recently (O'Rahilly, Issues and
Reviews in Teratology 4, 81, 1988) was an account of human
embryology since its foundation by Wilhelm His in the 1880s.

Development of the Nervous System. The study of the development

of the nervous system is acquiring particular medical importance in

view of transplantations of embryonic brain tissue.

Stages 8 to 11 have been described in detail and accounts of

stages 12 to 14 (26-32 days) have been published during the past

year. Characteristic features of stage 12 include incipient or complete

closure of the caudal neuropore, the site of final closure being at

the level of future somite 31, which corresponds to the second

sacral vertebral level. Spina bifida at this level, therefore, can best

be interpreted as a defect in closure of the caudal neuropore. The
important process of secondary neurulation begins during stage 12

and particular attention has been paid to this feature. The neural

cord here develops into neural tube without the intermediate phase

of a neural plate. By stage 13, the neural tube is a closed system

filled with ependymal fluid. The infundibular area of D2, chiasmatic

plate of Dl, "adult" lamina terminalis, and commissural plate can

now be discerned. During stage 14, the future cerebral hemispheres

and the cerebellar plates begin to form. Three areas of the

telencephalic wall show advanced differentiation: olfactory area,

future amygdaloid body, and the primordium of the hippocampus.

Two neuromeres, the isthmic segment and Rhl, are involved in the

formation of the cerebellum. The rhombencephalon includes the

cerebellum, Rhl to Rh7, and RhD.

News of the Department

Science went on without interruption while a dozen or so workmen
built six new labs, completing our second floor. We are grateful to

the National Cancer Institute for partial support of this construction.

These labs quickly became the most sought after in the building.

Two of our staff members, Steven McKnight and Allan Spradling,

were appointed Investigators of the Howard Hughes Medical

Institute as of July 1, 1988. Most Hughes investigators work at

Hughes institutes within one of about 22 medical schools. However,
a new program has broadened Hughes support to include investiga-

tors at other institutions. It is a great honor to be appointed a

Hughes investigator because these special Hughes appointees,

selected by a nationwide competition, can reside in any science

department of a nonprofit institution.

In March, we were notified that our Department would receive
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$2.2 million over five years from the Lucille P. Markey Charitable

Trust. These funds will be used to modernize our equipment and
also to pay for the salaries and research of postdoctoral fellows who
cannot, for one reason or another, compete for outside postdoctoral

funds. The latter condition is becoming a major problem in the

Department because of the increasing numbers of outstanding

applicants who are ineligible for traditional funding. The Markey
Trust also supports Douglas Koshland and David Schwartz, who
this year was named a Markey scholar.

The Department of Embryology continues to hold its weekly
seminar series. Members of the Baltimore-Washington scientific

community are invited to participate. The Department held its

Eleventh Annual Minisymposium, "Molecular Analysis of Human
Genetic Disease," on November 20, 1987. Speakers were Robert

Weinberg and David Page (Whitehead Institute), Stuart Orkin and

Louis Kunkel (Children's Hospital, Boston), and Ronald Evans
(Salk Institute).

Support of research in the Department comes from a variety of

sources. We are grateful recipients of individual grants from the

National Institutes of Health, The Leukemia Society of America,

The American Cancer Society (National and Maryland Divisions),

the National Science Foundation, the Jane Coffin Childs Memorial

Fund, the Helen Hay Whitney Foundation, and the John D. and
Catherine T. MacArthur Foundation's program in parasitology. A
grant to purchase small instruments and a Biomedical Research

Support Grant to the Department from the National Institutes of

Health are gratefully acknowledged.
—Donald D. Brown

The Regulation of Gene Transcription

by Steven L. McKnight

During the past year we have worked on several projects

concerning the general problem of transcriptional regulation in

mammalian cells. Genes that encode messenger RNA (mRNA) are

often regulated in a highly specific manner. For example, the genes

that specify the synthesis of hemoglobin are transcribed in blood

cells, yet are inert in all other cell types. The selectivity of

hemoglobin gene expression is an example of a phenomenon referred

to as tissue-specific gene regulation.

Although conspicuous, tissue-specific gene regulation represents

only one of many examples of gene control at the level of transcrip-

tion. We have chosen to study viruses as model systems of gene

regulation. Viruses that replicate in the nuclear compartment
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of mammalian cells use host-cell enzymes to synthesize viral

mRNA. Also, viruses often encode regulatory proteins that influence

the selectivity of gene expression, causing the host cell to express

viral genes rather than host-cell genes. Since our goal is to

understand the enigma of transcriptional selectivity, these viral

regulatory proteins offer a unique purchase on the problem. How
do they act to alter the transcriptional regulatory program of a host

cell so as to facilitate viral gene expression?

VP16 and its Tail-Truncated trans-Dominant Form: Intracellular

Immunity

Kelly LaMarco, Alan Friedman, and Charles Vinson have been
studying the mode of activation of Herpes Simplex Virus (HSV)
Immediate Early (IE) gene expression during the lytic infectious

cycle of the virus. Mature HSV virus particles contain roughly 1000

molecules of a protein termed Viral Protein 16 (VP16). VP16 is a

selective gene activator protein. Upon entry of a virus into a host

cell, VP16 moves to the nucleus along with the viral chromosome.

There it carries out a positive regulatory role on the viral IE
genes. That is, it activates transcription of IE genes to the exclusion

of other viral genes (Delayed Early and Late) and other, cellular

genes.

The selectivity of VP16 action operates through regulatory DNA
sequences associated with each of the five HSV IE genes. Each
IE gene is flanked by a region of DNA that confers response

to VP16. When these DNA sequences (which we term IE enhancers)

are excised and spliced onto another gene, that gene becomes
VP16-responsive. Earlier work by Steven Triezenberg, a former

postdoctoral fellow in the laboratory, had provided a careful

delineation of the exact DNA sequences that cause an IE enhancer

to be VP16 responsive. We anticipated that these DNA sequences

would represent binding sites for VP16, thus solving the problem of

specificity. However, this is not the case. VP16, on its own, is not

a DNA-binding protein. Kelly LaMarco has shown that IE enhancers

represent binding sites for host-cell proteins, and has hypothesized

that VP16 enters into the IE transcription complex indirectly;

rather than binding directly to IE enhancers, VP16 is hypothesized

to bind to the cellular proteins that bind directly to IE enhancers.

In order to test this hypothesis directly, LaMarco has purified one

of the cellular DNA-binding proteins that is IE-specific. Her long-

term goal is to obtain an antibody reagent specific to this IE-

enhancer-binding activity, as well as a recombinant DNA clone of

the gene that encodes the activity. We anticipate that molecular

reagents such as these will help elucidate the mechanism by which
VP16 achieves gene-specific transcriptional activation.

The problem of IE gene activation by VP16 has been examined
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using a second experimental perspective. Steven Triezenberg

undertook a systematic analysis of VP16 by preparing mutated
forms of the protein and testing their function in living cells.

A recombinant DNA clone of the gene encoding VP16 was muta-
genized in vitro. After characterizing the precise locations of the

lesions that were introduced into the gene, individual mutants were
tested for their ability to activate IE gene expression. These
efforts led to the definition of two functional domains within VP16:
a specificity domain located within the amino terminal four-fifths of

the protein that causes it to regulate IE genes selectively, and an

activating domain located within the carboxyl-terminal one-fifth of

the protein that causes it to activate transcription. The latter,

transcriptional activating domain of the protein bears similarity to

activating domains that have been mapped in two yeast gene

regulatory proteins, GCN4 and GAL4. That is, the activating

domains of each of the three proteins are unusually acidic.

While examining the properties of VP16 mutants, a trans-

dominant form of the protein was discovered. When the carboxyl-

terminal, activating domain of VP16 is removed, the remaining

four-fifths of the protein acts to dominantly interfere with the

activity of the intact activator protein. Although we have not

resolved the molecular basis of this trans-dominance, we have

hypothesized that it results from the ability of the specificity

domain to interact with cellular DNA-binding proteins in the

absence of the acidic activating domain. This interpretation predicts

that the mutated protein sequesters a limiting amount of the

cellular proteins that bind to IE enhancers; as a result, native

VP16 protein is excluded from its normal site of action. Regardless

of whether this interpretation is correct, the discovery of a trans-

dominant form of VP16 raises the possibility of its future use as

a reagent to confer virus resistance to mammalian cells.

Alan Friedman pursued this possibility by stably transforming

mouse L cells with the £raws-dominant form of VP16. Figure 1

shows an immuno-fluorescence micrograph of cells that constitutively

express a form of VP16 lacking its acidic activating domain. By
testing HSV infectivity of cell lines that express the tail-truncated

form of VP16, we have documented substantial and selective

impairment. Cells that express the truncated activator produce 10-

to 100-fold less virus in a standard lytic infectious cycle when
tested with HSV. However, they are unaffected in their capacity to

support lytic infection of a highly related virus, pseudorabies virus,

which does not rely on a VP16 analog.

We find these observations to be exciting. To our knowledge, this

represents the first time that it has been possible to confer resistance

to infection by a specific virus, a process that we term intracellular

immunity. Since virus-specific transcriptional activators are a

hallmark of animal viruses, we predict that it may eventually be
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Fig. 1. Shown here are immunofluorescence (upper) and phase contrast (lower)

photomicrographs of a cell line that constitutively expresses a form of the VP16
protein lacking the carboxyl-terminal 78 amino acids. The VP16 protein, localized

by indirect immunofluorescence, is seen as the bright region corresponding to

the nuclear compartment.

The stable cell line was prepared by co-transfecting ^-deficient mouse L cells

with recombinant copies of the HSV tk gene and a mutant form of the HSV VP16
gene that was designed to specify synthesis of a carboxyl-terminal truncated

form of the protein. Transformant cells were selected in HAT medium, then

tested for the expression of VP16 by indirect immunofluorescence.



42 CARNEGIE INSTITUTION

possible to use the strategies that we have devised to combat the

pathogenic effects associated with viral infection in vivo.

CIEBP and the Leucine Zipper: Protein Structure and Gene
Regulation

A second focus of our research over the past year has concerned

a putative transcriptional regulatory protein that we have purified

from rat liver nuclei. This protein binds to transcriptional regulatory

DNA sequences that are common to many genes that encode

mRNA. One of the sequences that the protein binds to is the

CCAAT homology; another is the enhancer core homology. Thus,

we have termed this protein C/EBP (CCAAT/enhancer binding

protein).

We reported on the complete purification of the protein in Year
Book 86 (pp. 17-18). During the past year William Landschulz,

Peter Johnson, and Eli Adashi have succeeded in isolating a

recombinant DNA clone of the gene encoding this protein. A
combination of biochemical experiments, coupled with DNA sequence

analysis of the C/EBP gene, has allowed us to pinpoint the DNA-
binding domain of C/EBP. Surprisingly, the predicted amino acid

sequence of the C/EBP DNA-binding domain exhibits similarity to

the sequences of proteins encoded by two oncogenes, myc and

fos. However, none of these sequences exhibit any substantial

similarity to the amino acid sequence patterns diagnostic of either

of the two prototypical DNA-binding motifs (the helix-turn-helix

motif of bacterial repressors, or the zinc-finger motif first discovered

in the 5S transcriptional activator protein TFIIIA).

Our insight into the structural motif that might connect C/EBP,
Myc, and Fos came from a simple exercise conducted by William

Landschulz. He noticed that there were no prolines or glycines in

the region of sequence similarity among the three proteins. Since

these two amino acids tend to be incompatible with alpha helical

structure, Landschulz explored the possibility that these protein

segments might exist in an alpha helical conformation. One means
of exploring this possibility is to arrange the linear amino acid

sequence of a protein on the coordinates of an idealized alpha helix.

Such an arrangement is referred to as a "helical wheel" (see Fig.

2). What one looks for in carrying out this exercise is side-chain

amphipathy. Amphipathy is defined as the segregation of hydrophobic

amino acids to one surface of the helix and hydrophilic amino acids

to the opposite surface. When viewed in this manner, C/EBP
showed substantial amphipathy. Most curiously, C/EBP exhibited

leucine residues, which represent the quintessential hydrophobic

side chain, at every seventh position over 35 residues. We
immediately inspected the Myc and Fos amino acid sequences for

the leucine repeat, and found it to be precisely conserved. Moreover,
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Fig. 2. Helical-wheel analysis of the amino acid sequence of a

carboxyl-terminal portion of the gene activator protein C/EBP.
The amino acid sequence of a portion of the C/EBP polypeptide is

displayed end-to-end down the axis of a schematic alpha helix.

The most-amino-terminal residue included in the analysis is

leucine residue 315 of C/EBP, and is placed at position number 1

of the idealized helix. The second position on the helical wheel,

which is occupied by threonine residue 316, is located at an

azimuth displaced by 100 degrees from position number 1. The
helical wheel consists of seven "spokes," corresponding to the fit

of seven amino acid residues into every two turns of alpha

helix. A total of 28 amino acids of C/EBP are included in the

analysis, with the most-carboxyl-terminal residue being glutamine

342. (The letters are amino acid abbreviations.)

we also observed the leucine repeat in the sequences of two newly
discovered gene regulatory proteins—the GCN4 protein of yeast

that has been studied by Kevin Struhl and his colleagues at Harvard
Medical School, and the Jun transforming protein which has been
studied by Peter Vogt of the University of Southern California and
Robert Tjian of the University of California at Berkeley.

Having noted the strict conservation of the leucine repeat in at

least five different regulatory proteins, we were forced to consider

what functional role this motif might play. Since leucine residues

occur at every seventh position, and since each alpha helical turn

contains 3.5 amino acid residues, leucines appear in register once

every two turns of alpha helix. With the help of Hamilton Smith of

The Johns Hopkins University Medical School, we prepared a

computer graphics model of the structure. This representation

showed that each leucine was separated from its most adjacent

neighbor by a cleft that approximated the size of a single leucine
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side chain. Having observed such clefts, and having been reminded
by Robert Kretsinger of the University of Virginia of the precedent

of coiled-coil interactions between alpha helices, we hypothesized

that the leucines of one alpha helix might interdigitate with those of

a second helix to form a dimerization interface. This model, which

we term the leucine zipper, has been developed in some detail in an

article that was published in Science (2J>0: 1759-1764, 1988). We
now know that C/EBP indeed exists as a dimer, and that its

dimerization interface coincides with the location of the leucine

repeat. Indeed, we have already begun to see the results of specific

in vitro mutagenesis experiments that have been designed to test

the zipper hypothesis. Changes of leucine to either isoleucine or

valine block dimerization of C/EBP, and eliminate its sequence-

specific interaction with DNA.
Although information garnered from in vitro mutagenesis will

clearly require complementary biophysical studies of C/EBP protein

structure, we think that a strong case is building in favor of our

leucine zipper hypothesis. Tom Curran of the Roche Institute for

Molecular Biology has narrowed down the region of the Fos
transforming protein that is required for its multimerization, and

has found that it coincides with the leucine repeat. Likewise,

Robert Tjian of the University of California at Berkeley has found

that the multimerization domain of Jun coincides with the leucine

repeat.

If our hypothesis turns out to be correct, it raises several

important considerations. First, since leucines are preserved in all

of the zipper proteins, it is possible that heterotypic "zippering"

could occur. That is, two different polypeptides might associate via

a common dimerization interface—the leucine zipper. Indeed,

Curran and Tjian have reported that Fos and Jun are capable of

forming a heterotypic complex. If heterotypic dimers assume a

different DNA-binding specificity relative to either of the parental

homo-dimers, the number of DNA-binding specificities generated

by a finite number of gene regulatory proteins might be dramatically

increased. A second aspect of our zipper model that may be

significant concerns the possibility of selective oblation (i.e., removal

of a genetic function) of specific gene regulatory proteins using

£rems-dominant forms of zipper proteins. For example, if a zipper-

containing protein were mutated in such a way as to remove all but

its leucine repeat helix, upon expression in animal cells this mutated

form of the protein might dimerize with the native protein to form

a non-productive complex. We are now in the process of testing

this hypothesis with C/EBP.
If this approach proves to be valid, it could help in the under-

standing of how a whole new class of gene regulatory proteins act

to support normal development and differentiation in higher

eukaryotic organisms.
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A New Understanding of How Maize Transposable

Elements are Controlled in Development

by Nina Fedoroff, Patrick Masson, and Jo Ann Banks

Early in her studies on the mobile genetic elements of maize,

McClintock observed that the elements could change genetically in

two ways. They could sustain permanent changes, termed mutations,

which interfered with their ability to move from place to place on

chromosomes. They could also undergo changes that resembled

mutations in their effects, but which were reversible. That is, an

element could become inactive and therefore immobile for a certain

period of time and then return, once again, to its original,

transposable form, as illustrated by the kernel phenotypes in

Figure 1.

Through the genetic and molecular work that we have done over

a period of several years on the Suppressor-mutator (Spm) element,

we have come to understand that the genetic mechanism that

reversibly inactivates the element consists of several parts. The
results of genetic experiments show that the plant inactivates the

element incrementally. That is, an element can, over a period of

several generations, be converted from a form that becomes
inactive occasionally or only in certain plant parts, to a form that is

so stably inactive that it can be reactivated in less than one in

100,000 progeny plants. Between the two extremes of the stably

inactive form (which we term cryptic) and the stably active form,

are many intermediate forms that exhibit precise and reproducible

developmental patterns of transposable element activity. Thus,

for example, we have identified forms of the element that are

active in the ears produced by secondary stalks, called tillers, but

are not active in the ears produced by the main stalk. We have

b.

Fig. 1. The phenotypes of maize kernels where the Spm
transposable element is active (a), inactive (b), and undergoing

reactivation (c).



46 CARNEGIE INSTITUTION

identified other elements that are mobile when they are transmitted

through the female gametes (the eggs) but not through the male
gametes (the sperm cells).

There are two genetic components in the mechanism that specifies

whether the Spm element is in an active, and therefore mobile,

phase or in an inactive one. We have termed these two components
the phase setting and the phase program. The phase setting

determines whether the element is active, while the phase program
determines not only whether the phase setting is inherited by the

progeny, but when, where, and how frequently during plant

development the phase will be reversed. We have given elements

that exhibit predictable patterns of phase reversal in development

the designation programmable. Although the developmental programs

of such elements exhibit a high degree of heritability, we also find

that they are subject to changes, both random and directed.

Postdoctoral fellow Jo Ann Banks has studied the molecular

changes in element structure that are associated with the different

genetically defined forms of the element. She has found that the

three forms of the element (stably active, cryptic, and programmable)

can be distinguished on the basis of their patterns of DNA
methylation in a short region of the element near the site at which

transcription, which is needed for expression of the element's

mobility, commences. Methylation of DNA is the reversible addition

of a methyl group to certain cytosine (C) residues along the DNA
molecule. Banks has found that most methylatable C residues

within the element are methylated regardless of whether the

element is active or inactive, mobile or immobile. By contrast, the

surrounding sequences of the gene into which the element has

inserted remain unmethylated. But in a short sequence near the

element's transcription start site, comprising less than 10% of the

element's length and located very close to one end, the extent of

methylation of C residues is well correlated with the element's

activity.

Banks's studies show that active elements (both stable and

programmable) are not methylated at sites between the end of the

element and the transcription start site, while inactive elements

(both cryptic and programmable) are methylated in this region

(Fig. 2; small region at far left of lower and upper sketches). Thus
the element's phase of activity appears to be correlated with

methylation in the sequence between the transcription start site

and the end of the element. There is a short sequence of less than

400 nucleotides immediately to the right of the transcription start

site that contains an unusually large number of methylatable C
residues, and Banks finds that the methylation level of the

methylation target sites in this region is well correlated with the

heritability of the element's phase setting (Fig. 2; densely shaded

region of lower sketch). A stably active element is not methylated



unmethylated

methylated M

INACTIVE

TRANSPOSABLE ELEMENT

Fig. 2. When it is in its active, mobile form, the Spm element's

left end is unmethylated (upper sketch), while when it is in its

inactive, immobile form the element's left end is methylated

(lower sketch). The region contains a 400-nucleotide region that is

especially rich in methylation sites (dense shading) and whose
methylation level identifies the element as being in the active,

cryptic, or inactive programmable form. The A represents the

element's autoregulatory gene product (see text).

in this region (top sketch), while a cryptic element is fully methylated

at the many sites in this region. An element in the intermediate

inactive programmable form is methylated at a subset of the

available sites within this region.

A striking genetic observation about inactive elements in what
we now call the programmable form, first made many years ago by
McClintock, is that they can be transiently activated in the presence

of a second, active element. We find that this is true only of

inactive elements in the programmable form, but not of cryptic

elements. Banks has found that the ability of an active element to

£raws-activate an inactive element can be detected at the molecular

level. The ^rcms-activating element activates transcription of the

inactive element, implying that the former supplies a gene product,

designated A in Figure 2, which acts as a transcriptional activator.

Genetic experiments, further, indicate that a £rcms-activated Spm
element is more likely to be inherited in an active form than an

Spm element that has not been subjected to £roms-activation.

Therefore, the element-encoded regulatory gene product (A) can

not only activate an inactive programmable element, but can also

reprogram the element to an active form. The reprogramming
is, not surprisingly, correlated with a reduction in the extent of
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methylation of the element region that is responsible for its

expression program. We believe that the normal function of the A
gene product is autoregulatory, as indicated by the feedback loop in

the top part of the diagram.

We find that even cryptic elements are not immune to the

influence of the element's A gene product. Thus, for example,

Banks finds that a cryptic element shows reduced methylation in

the presence of a ^raws-activating element, although the reduction

is, in most cases, insufficient to promote the element's complete

activation. Nonetheless, extensive genetic experiments reveal that

a ^raws-activating element increases the chance that a cryptic

Spm element will be activated by 100 to 1000 times. These
experiments have also revealed that a ^raws-activating element's

ability to reprogram a cryptic element is cumulative and extends

over several generations.

In addition to the ability of the element-encoded A gene product

to reprogram the Spm element, we have found that the plant itself

is capable of both resetting and reprogramming the element

differently in different plant parts. Indeed, as the plant develops,

an active element is more and more likely to be inactivated.

Conversely, if the element commences development in an inactive

phase, the probability that it will be reactivated decreases as

development progresses. These patterns are correlated with the

position on the plant of the reproductive structure that gives rise to

the gametes that transmit the element to the next generation,

suggesting to us that the element has come under the control of a

fundamental genetic mechanism used by the plant to determine its

body plan and growth pattern.

In summary, the overall organization of the system that controls

the activity of the Spm element in the plant's developmental cycle

consists of several components. These include a developmentally

regulated plant methylation system, the initial methylation state of

a short target sequence within the element, and an element-

encoded autoregulatory gene product.

In order to make further progress in identifying and studying the

macromolecules responsible for the mobility of the Spm element

and the ability of the element to regulate its expression, we have

developed a procedure for altering the structure of the transposable

element by recombinant DNA techniques and then reintroducing it

into plant cells in such a way that the consequences of the structural

changes can be monitored. Postdoctoral fellow Patrick Masson
has adapted the natural gene-transfer mechanism of the soil

bacterium Agrobacterium tumefaciens, a system in wide experimental

use, to produce a living cell system to monitor Spm activity.

Tobacco plants were used as the recipient plant cells because they

readily regenerate after genes have been transferred to them by
the Agrobacterium system and because tobacco plants do not have
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Spm element sequences in their chromosomes, the presence of

which would obscure the molecular analysis of the introduced

elements.

Masson devised a strategy that mimics, in a test tube, the Spm
element's ability to insert into a gene in such a way that the gene's

expression is interrupted. He used a bacterial gene, termed the (3-

glucuronidase (GUS) gene, whose presence can readily be detected

by its ability to convert a colorless chromogenic compound to a

blue, insoluble product. He inserted the gene between a molecular

signal sequence that permits the gene's expression in the target

tobacco cell, then additionally inserted an Spm element from maize

between the start signal and the gene, so that the gene cannot be

active. The strategy is illustrated schematically in Figure 3.

The interrupted GUS gene was then inserted into an Agrobacter-

ium plasmid that is capable of transferring genes to plant cells, and
the plasmid was, in turn, introduced into the Agrobacterium cells

that facilitate the transfer. Fragments of tobacco leaves were
infected with the Agrobacterium strain carrying the GUS gene

interrupted by an Spm element, using procedures first worked out

by the Belgian scientists J. Schell and M. Van Montagu and later

elaborated by workers at the Monsanto Company, who supplied the

bacterial and plasmid strains used in the present experiments.

ACTIVE GUS GENE

TRANSPOSABLE ELEMENT

Fig. 3. When the active bacterial GUS gene (upper sketch) is

modified by the insertion of an Spm transposable element, the

gene cannot be active (middle sketch). The disrupted GUS gene is

transferred to tobacco cells on a bacterial plasmid in Agrobacterium

tumefaciens. Plantlets grown from cells containing the disrupted

GUS gene show evidence of GUS activity in sectors of cells,

demonstrating that the Spm element can transpose out of the

gene, restoring gene function (lower sketch).
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Only those tobacco cells that received the bacterial plasmid and
with it the maize Spm element were permitted to grow. This

was done by placing them on a medium containing a drug to which
only those tobacco cells that received the Agrobacterium plasmid

became resistant, by virtue of the presence of a gene on the

plasmid capable of conferring resistance to the drug. These cells

grew quickly into undifferentiated cell masses, termed calli, which

gave rise to small plantlets. Both the calli and the small plantlets

were tested for the presence of an active GUS gene. Both frequently

showed small sectors of blue cells, indicating that the Spm element

had transposed out of the interrupted GUS gene, permitting the

gene to be expressed and the GUS enzyme to be made.

Using this system, Masson has established that the Spm element's

mode of operation is the same in the tobacco plants as it is in the

rather distantly related maize plants from which the element was
first isolated by molecular methods. That is, the element itself must
produce a gene product which it requires to move itself as well as

to move elements that have been mobilized by internal mutations.

He has further established that the element moves late in the

development of the tobacco tissues that contain it, exhibiting a

pattern of mobility not unlike that seen in the corn plant. He has

further shown that the element is able to move earlier in development

if its expression start signal is exchanged for a much stronger one,

allowing it to be expressed at a higher level. Masson's present

experiments are focused on identifying the parts of the element

that contain the genetic information required for both the transpo-

sitional and the regulatory aspects of the element's function.
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The Director's Essay

During the past academic year, the faculty of the Department
of Plant Biology has been somewhat depleted. Jeanette

Brown retired on June 30, 1987, and William Thompson's replace-

ment, Neil S. Hoffman, did not arrive until the middle of June
1988. The diminished number of faculty, however, had a gratifyingly

small impact on overall scientific productivity. The remaining

faculty, together with senior visitors, postdoctoral fellows, and
graduate students, made the past year one of the most productive

in the Department's recent history.

Photosynthesis has been a major focus in the Department for

over five decades. It is hence no surprise that this complex process

of conversion of sunlight into chemical energy provides a theme
for this report. The broad range of approaches applied is very much
in keeping with the Department's philosophy that an understanding

of plant biology requires vertical integration over all levels of

biological organization. Thus faculty member Chris Field and his

colleagues investigate the photosynthetic responses of populations

of naturally growing species in order to determine what controls

—

both environmental and biological—determine where particular

species grow. Olle Bjorkman and co-workers study individual

cotton plants under both field and laboratory conditions to elucidate

the physiological and biochemical mechanisms whereby they cope

simultaneously with high temperature, high light intensity, and

severe water stress, with apparent equanimity. The group led by
Joseph Berry analyzes fluorescence patterns of whole leaves, as

a way of understanding how gas exchange in different parts of a

leaf may be independently regulated. David Fork and his collaborators

use sophisticated biophysical techniques to study the ways in which

the photosynthetic apparatus copes (or fails to cope) with extremes

of temperature, both high and low, and with potentially damaging
light intensities. Arthur Grossman's laboratory is making significant

progress in understanding at the molecular level how certain

cyanobacteria (blue-green algae) regulate synthesis of photosynthetic

antenna pigments of different colors to adjust to changes in the

color of incident light, which may vary, for example, according to

position in the water column. Finally the Briggs laboratory still

57



58 CARNEGIE INSTITUTION

continues to follow its interest in the molecular mechanism by
which light, acting through photoreceptors other than the photo-

synthetic pigments, regulates the development of chloroplasts, the

subcellular organelles wherein higher plant and most algal

photosynthesis takes place.

Nitrogen and Photosynthesis

Among several projects under way in the Field laboratory,

perhaps the most central reflects his long-standing interest in leaf

nitrogen. Nitrogen is important for several reasons, many of which
stem from its status as the mineral nutrient most frequently

limiting to plant growth. In terms of energy, nitrogen is extremely

expensive to acquire and assimilate. Plants may expend as much as

half of all energy fixed through photosynthesis for nitrogen nutrition.

Thus, nitrogen's limiting role and its exorbitant expense place

high priority on understanding the ecological and biological controls

of nitrogen investment.

Over the past few years, Field and others have demonstrated a

central role for leaf nitrogen in determining a leafs photosynthetic

capacity. Indeed, this relationship is sufficiently general that

nitrogen may be useful as an index of photosynthetic capacity in

models of ecosystem and regional carbon balance. This tight

relationship, shown in Figure 1, raises an important general question:

Can one increase photosynthesis or plant production by modifying

plants to make leaves with higher nitrogen levels? Field hopes to

develop an answer by studying plants in two dramatically contrasting

habitats—tropical rainforest and hot desert.

Studies of the tropical rainforest genus Piper indicate that

altering leaf nitrogen levels should have, at most, small effects on

daily photosynthesis, since plants tend to tune their investments in

leaf nitrogen to limitations imposed by other resources. Field and

research associate Robin Chazdon found that photosynthetic

capacity is tightly coupled not only to leaf nitrogen but to ambient

light levels as well. Simulation models, based on the biochemistry

of photosynthesis and the tropical rainforest resource environment

(e.g., daily available light) demonstrated that naturally growing

plants tend to optimize the ratio of daily photosynthesis to leaf

nitrogen. Either increasing or decreasing leaf nitrogen from the

naturally occurring level would lead to a decrease in photosynthesis

per unit leaf nitrogen. Field and his colleagues are now testing

whether the relatively precise tuning of nitrogen investment to

match the availability of a limiting resource such as light applies for

mineral nutrients other than nitrogen and for water as well.

In past years, Department scientists have found that studying

plants growing naturally in extreme and contrasting environments

is a highly effective research strategy for probing the mechanisms
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Fig. 1. The relationship between leaf photosynthetic capacity,

Amax, and leaf nitrogen content (upper panel), and between Amax

and the total light, PFD, a leaf receives over the course of a

day (lower panel) for two naturally growing rainforest plants,

Piper hispidum (closed symbols) and Piper auritum (open

symbols). Using these data as inputs for a simulation model,

Field found that increasing or decreasing the nitrogen content of

any leaf tends to decrease the efficiency of nitrogen use, measured

as the ratio of photosynthesis to nitrogen (see text).
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whereby plants cope with limitation and stress. Field, with graduate

students Mike Goulden and Tim Hennessey, is following this course

in a series of studies on annual plants growing in Death Valley

National Monument. The theme of the research is to test whether
leaf nitrogen investments are controlled primarily by an external

factor (nitrogen availability in the soil) or by a plant characteristic

(the relative allocation of nitrogen into roots). It is the roots that

must scavenge all of the nitrogen these plants need, to meet not

only needs of the roots but also those of the stems and leaves,

where the photosynthetic system is the plant's major sink for

nitrogen. To date, it appears that the primary control on nitrogen

investment, and hence on photosynthesis, is internal: leaf nitrogen

is positively correlated with the ratio of root biomass to shoot

biomass, but poorly correlated with available soil nitrogen. The
next phase in this project will be to investigate the extent to which

this internal control over biomass allocation is genetically determined.

Photosynthesis in an Agricultural Setting

Whereas Field and colleagues have been studying populations of

wild plants in their natural habitat, Olle Bjorkman and co-workers

have recently been concentrating their efforts on an agricultural

species that is the product of centuries of selection and breeding by
man. Now growing in fields belonging to the University of California's

West Side Field Station, near Five Points, California, in the

southern San Joaquin Valley, the plant is Upland cotton (Gossypium

hirsutum, L., cultivar Alcala SJ2). The Bjorkman group's objectives

are threefold: first, to assess the efficiency by which solar energy is

converted into photosynthetic products used for plant growth in the

field; second, to determine how this efficiency is affected by major
environmental stress factors such as high temperature, high-

intensity light, and drought; and, third, to elucidate how plants are

able to dissipate excessive light energy which is potentially

destructive to the photosynthetic system.

A combination of factors make the choice of plant and site ideal

for such studies. First, the region is characterized by predominantly

cloudless skies, high temperatures, and low humidity during the

cotton growing season. The average daily solar radiation during

this period approaches the highest values measured on the Earth.

Second, unlike many plants, this species of cotton has leaves that

can track the Sun: the leaves move so that they are always at right

angles to the solar beam, maximizing daily light interception. By
tracking, they intercept 43% more light than leaves which remain

in a fixed horizontal position throughout the day. Third, it is simple

to produce water stress under the agricultural circumstances

provided: one simply withholds irrigation.

The investigators (Bjorkman, Christian Schafer, Susan Thayer,
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and Connie Shih) grew plants under standard irrigation regimes as

well as under conditions of limited water supply, and monitored at

various levels of stress a whole range of parameters: solar radiation,

leaf and air temperature, relative humidity, plant water status,

photosynthetic C02 uptake and H2 loss, and chlorophyll fluorescence

characteristics of the leaf indicative of the relative health of the

photosynthetic apparatus.

With normal irrigation, cotton leaves exposed to full sun exhibited

remarkably high rates of net photosynthesis (ca. 40 |jimol carbon

dioxide fixed per square meter of leaf surface per second) for most
of the daylight hours throughout the growing season. There was no

evidence of stress damage imposed by the combination of intense

sunlight, high air temperatures, and low humidity. Moreover, the

maximum efficiency of photosynthetic energy conversion (determined

under light-limiting conditions) was as high as that determined for

unstressed leaves of a large number of species grown under favorable

conditions (one molecule of 2 released per ten photons absorbed)

and approached the upper theoretical limit for the efficiency of

photosynthetic energy conversion.

A particularly interesting finding is that under full sunlight,

where vastly more light is being intercepted than can possibly be

utilized by photosynthesis, the great excess of light energy is

somehow dissipated without causing any photochemical damage to

the photosynthetic apparatus (photoinhibition). Bjorkman and

postdoctoral fellow Barbara Demmig had already hypothesized the

existence of such a process two years ago in connection with

studies on mangrove species. Whatever the mechanism, it clearly

accounts for cotton's exceptionally high tolerance for high-irradiance

stress.

When irrigation is withheld, the water potential of the cotton

plants gradually decreases, indicating increasing levels of water

stress. Over a period of two months, as their water potential fell

from a value of - 10 to almost -30 atmospheres, net rates of

photosynthesis fell to about 12% of the level found in well-watered

plants. This decline in photosynthesis was accompanied by decreased

water loss from the leaves. A plot of C02 uptake vs. H2 loss

was linear, indicating that the photosynthetic water use efficiency

(i.e., the ratio of carbon gain to water loss) remained constant

irrespective of the water status of the plant. Hence the primary

productivity of cotton is basically proportional to water supply over

a wide range.

A surprising finding from the water-stressed plants was that

they suffered very little photochemical damage as water stress

increased. Table I shows the accumulation of water deficit over a

two-month period together with decline in photosynthesis (and

photorespiration) and change in relative amount of nonproductive

energy dissipation over the same time period. Note that the
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Table 1. Estimated dissipation of excitation energy via photosynthetic C02

uptake, photorespiration, and non-radiative dissipation processes in leaves of

irrigated and water-stressed cotton plants in full sunlight and maximum
efficiency of energy conversion measured at low light levels.

Irrigated

Moderate
Stress

Severe
Stress

Water potential -1.0 to -1.5 -1.6 to -2.3 -2.5 to -3.0

Energy dissipation, %
of total

Via C02 uptake

Via photorespiration

Via non-radiative

dissipation

20

14

66

12

8

80

5

4

91

Max. efficiency of
energy conversion

(02 per photon) 0.105 0.104 0.078

fraction of energy dissipated increased dramatically to over ninety

percent. Only under these extreme conditions was there any

evidence for photoinhibition: ten photons no longer sufficed to yield

a molecule of 2—the number was nearer thirteen. The conclusion

from these studies is clear: photodestructive damage to the

photosynthetic apparatus imposes no significant limitation to

photosynthesis and primary productivity of cotton in any realistic

agricultural situation.

The mechanism of nonradiative (and nondamaging) energy

dissipation is obviously of great interest, and the Bjorkman group

is currently studying the possible role of specific carotenoid pigments

in the process. It will be most interesting to review the group's

progress in next year's Year Book.

Imaging Photosynthetic Heterogeneity across a Leaf

The Berry laboratory continues to maintain a strong interest in a

number of different facets of photosynthesis. One of these has

been for several years the mechanism or mechanisms by which

plants regulate the apertures of their stomata—the small pores on

leaf (and, to a lesser extent, stem) surfaces that control water loss,

2 release, and C02 uptake.

Studies of photosynthesis at the level of the intact leaf normally

rely on measurement of gas exchange by leaf tissue enclosed in

an illuminated chamber. The results represent the average response

of the entire enclosed leaf area, and analysis of the results so

obtained is generally based on the assumption that the area sampled

is in a uniform physiological state.



PLANT BIOLOGY 63

Several years ago, a group of scientists in Estonia, headed by
Agu Laisk, suggested that photosynthetic activity might not be

uniformly distributed over the entire leaf area; stomata serving

some areas of the leaf might be completely open, whereas stomata

serving other areas might be completely closed. If this were
actually the situation, it would have serious implications for

understanding control of photosynthetic rates by components
related to regulation of stomatal conductance on the one hand and

intrinsic photosynthetic capacity of the leaf cells on the other.

Stomatal conductance might well be limiting in one area of the leaf,

while simultaneously photosynthetic capacity could be limiting in

another.

Two groups in Australia have now shown that application of the

plant hormone abscisic acid, known to cause stomatal closure,

through the cut leaf petiole (stalk) results in non-uniform stomatal

closure in the leaf blade, and that as a consequence the former

interpretation of the regulation of gas exchange by abscisic acid

was flawed. This elegant work showed that, at least in principle,

the gas exchange studies that form the basis for our current

understanding of the control of photosynthesis could be similarly

flawed.

During the past year, Berry and his colleagues, together with

Professor Klaus Raschke, on sabbatical leave from the University

of Gottingen, set out to devise a nondestructive way to visualize

the effects of such "patchy" stomatal closure. A technique was
devised based on studies of leaf fluorescence carried out recently in

Berry's laboratory by Englebert Weis. Weis had already shown
that under conditions of C02 starvation, such as might occur during

stomatal closure, there was increased activity of non-photochemical

pathways for quenching chlorophyll fluorescence. (Chlorophyll

fluorescence, representing a small fraction of the absorbed light

energy being re-emitted as lower energy light, is an extremely

sensitive indicator of the status of the photosynthetic machinery.)

The phenomenon manifests itself as a lower yield of fluorescence

from a short flash of high-intensity light superimposed on the

normal light used to drive photosynthesis. Berry and Raschke
reasoned that if stomatal closure is "patchy," those areas where it

is restricting photosynthesis during such a flash should appear

darker (fluorescence should be more highly quenched) than in the

remainder of the leaf. Raschke and Berry then joined with Paul

Daley, of the University of California Lawrence Livermore
Laboratory, to set up a video camera and computer system for

obtaining and analyzing leaf images based on chlorophyll fluorescence.

Figure 2 shows such an image of a leaf of the cocklebur Xanthium
strumarium about 15 minutes after applying abscisic acid to its

petiole. The distinct dark patches provide unmistakable qualitative

evidence for patchy stomatal closure. Prior to abscisic acid treatment,
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fluorescence was uniformly high across the entire leaf surface. A
time course for the changes detected in the areas indicated on

Figure 2 by squares is shown in Figure 3. These data indicate

clearly that different areas of the leaf respond differently both in

the extent and timing of their response to abscisic acid. Previous

studies of the abscisic acid response had involved destructive

sampling techniques that precluded any examination of kinetics.

The data from Berry's group elegantly confirm and extend previous

v

Fig. 2. A video image of a portion (6x8 mm) of the blade of a cocklebur

{Xanthium strumarium) leaf obtained in light from the fluorescence of chlorophyll.

The image was digitized yielding 512 x 512 pixels with an intensity resolution of

one part in 256. The digitized image and a reference image of the same area were

processed to obtain pixel-by-pixel resolution on the intensity of fluorescence

quenching. Differences in the intensity of this image indicate local differences in

the intensity of non-photochemical quenching of fluorescence as controlled by the

availability of C02 and stomata. The areas delineated by the minor veins function

as separate units served by approximately 100 stomates each (not shown). If the

stomata are mostly closed, diffusion of C02 into the leaf will be restricted and

there will be strong fluorescence quenching within that patch.

This image was obtained shortly after the leafs stomata began to respond to

the application to the leafs petiole of the plant hormone abscisic acid (ABA),

which causes stomatal closure. The darker areas correspond to areas of the leaf

where the stomata have closed; the lighter areas are regions where stomata have

remained open. Initially all areas of the leaf had uniform fluorescence, indicating

open stomata. The kinetics of the stomatal response of various portions of the leaf

could be monitored by analysis of successive fluorescence images. The response

of several areas in the image (identified by rectangles A-E) is shown in Figure 3.
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Fig. 3. A plot of the intensity of non-photochemical quenching

of chlorophyll fluorescence as a function of time after application

of abscisic acid (ABA) to the leaf shown in Figure 2. Some
areas (e.g., A) responded more rapidly and to a greater extent

than other areas (e.g., D or E), yielding a heterogeneous

distribution of photosynthetic activity over the leaf area being

examined. Also shown is a plot of the fluoresence quenching

obtained independently with an instrument that measures the

area-averaged fluorescence levels (PAM). These data agree with

the responses obtained by analysis of the digitized video images.
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studies of the abscisic acid response, and demonstrate that the

technology can readily be used to examine the spatial distribution

of photosynthetic activity.

Together with former graduate student J. Timothy Ball, the

Berry group has now obtained clear evidence for "patchiness," both

during the onset of photosynthesis on a dark-light transition and

following a rapid decrease in relative humidity. By and large the

patchiness is transient, diminishing when some new steady state is

reached. However, in one case—leaves of Arbutus unedo under

severe humidity stress—the patches persisted. A full understanding

of this patchiness phenomenon should give a major boost to our

understanding of the mechanistic details of photosynthetic regulation.

Biophysical Studies of Photosynthesis

In keeping with the Department's above-mentioned philosophy of

capitalizing on organisms growing in extreme natural environments,
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David Fork spent a portion of his sabbatical a year ago studying an

alga, Ostreobium, in its most unlikely home: deep in the stony

nonliving parts of several species of coral that inhabit reefs in the

Indo-Pacific region. This habitat is usually shaded by masses of

other algae, which inhabit the outer living tissue of the coral.

Indeed, the late Professor Per Halldal, a former visitor to the

Department, found that at most only 0.1% of the incident photosyn-

thetically active light reaches the Ostreobium cells. Even at

wavelengths as far toward the infrared as 720 nm, almost completely

ineffective in driving normal photosynthesis, the Ostreobium layer

receives only about 2% of the incident light.

Fork's biophysical studies suggested a special carotenoid to be

active in absorbing what little light arrived in the blue regions of

the spectrum and transferring its energy to chlorophyll. They also

showed the alga to be enriched in longer-wavelength-absorbing

forms of chlorophyll over most normal green algae. Finally, the

studies showed that the reaction center for photosystem I, the site

of final charge separation in the process of producing reductant to

convert C02 to organic matter, had absorption bands both at 703

and at 730 nm. A reaction center using the 730-nm form could

function in wavelengths of light where normal photosynthesis is

precluded, and take advantage of light not being absorbed by other

competing algae. Ostreobium clearly represents a fascinating end

product of special adaptation and evolution of the photosynthetic

process.

In another project extending from sabbatical activities, Fork has

continued a long-standing collaboration with former Department
fellow Norio Murata, of Japan. Murata and Fork had demonstrated

some time ago with cyanobacteria that the photosynthetic process

cannot function below a characteristic critical temperature at which

the lipids making up their photosynthetic membranes undergo a

state change from a liquid-crystalline phase to a solid (gel) phase.

This inhibition of photosynthesis is completely reversible, photosyn-

thesis resuming when the temperature rises above the critical

value. Murata also has shown that at lower temperatures, the lipids

of the plasma membrane itself (the outermost membrane of the

cell, separating it from its immediate environment) passes into the

gel state. In this condition, the cells become leaky, losing to the

environment important constituents that they cannot recover on

rewarming.

Under conditions in which the photosynthetic membranes are in

the gel state, the photosynthetic pigments are of course still

absorbing light—perfect circumstances for serious photochemical

damage (photoinhibition, see above). Fork's laboratory has pioneered

in elucidating the multiple mechanisms by which various marine

algae can dissipate the excess energy harmlessly. Fork and Murata

have now used delayed fluorescence as a rapid method for detecting
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phase transitions in photosynthetic membranes. As the term
implies, delayed fluorescence is fluorescence that is emitted in the

dark following illumination, as opposed to prompt fluorescence,

emitted during illumination. Delayed fluorescence is thought to be a

side product of the recombination of the charges separated in

photosystem II of photosynthesis. As one might expect, if the

charge separation cannot be maintained by a steady flow of electrons

into the photosynthetic electron transport pathway active in normal

photosynthesis, the occurrence of such charge recombination

events will increase greatly, as will delayed fluorescence.

In chilling-sensitive plants such as soybean, tomato, squash,

sweet pepper, and sweet potato, Fork and co-workers have found,

the maximum delayed fluorescence occurs between 10° and 14°C.

Such maxima are very close to the temperatures where certain

lipids of the photosynthetic membranes undergo phase transitions,

as determined by other techniques. The investigators further

learned that, in contrast to the chilling-sensitive plants, many
chilling-resistant plants lacked a maximum fluorescence yield at any
temperature above freezing. Other chilling-resistant plants, such as

Swiss chard, spinach, and wheat, revealed fluorescence maxima at

temperatures above freezing, but in a lower range, between 4° and

6.5°C.

Measurement of delayed fluorescence seems to be a very reliable

method for investigating aspects of temperature sensitivity in

intact plants. Fork and others have already shown that it can be

used to determine high-temperature tolerance in plants. Fork is

continuing his efforts to understand the precise molecular basis for

the effects of both low and high temperature on photosynthesis.

The Molecular Basis for Acclimation to Change

Arthur Grossman's laboratory has for several years had two
major foci. The first of these involves the responses of various

algae to nutrient deprivation. Currently, two graduate students,

Laura Green and Eugenio DeHostos, are completing theses based

on studies of the effects of sulfate deprivation on, respectively, the

cyanobacterium Anacystis nidulans and the green flagellate

Chlamydomonas reinhardtii. In both cases, withholding sulfur

leads to a greatly increased capacity to take up sulfate. Green has

shown that this increased capacity is accompanied by elevated

levels of three plasma membrane proteins and relatively dramatic

increases in the abundance of three cytoplasmic proteins. These

two responses are specific to sulfur, and do not occur in response to

nitrogen or phosphorus deprivation. The specificity and magnitude

of these responses suggest that they could play an important role in

the response of this cyanobacterium to sulfur deprivation.

Green has recently isolated a region of the Anacystis gene which
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shares homology with a gene involved in sulfate transport in the

bacterium Salmonella typhimuirum. Several mRNAs, detectable

only in sulfate-starved Anacystis cells, arise from this region of the

genome. Mutating this region of the gene produces cells that can

grow on the sulfur-containing amino acid cysteine but not on

sulfate. Furthermore, one of the mutants has specifically lost the

capacity to produce a plasma-membrane-associated protein normally

induced during sulfate stress. Other mutants express the normally

induced soluble or membrane-bound proteins constitutively. Sequence

analyses of these genes and comparisons to genes encoding transport

polypeptides in other organisms are under way. Recently, David

Laudenbach in Grossman's laboratory discovered that one gene

from this cluster encodes a protein that binds sulfate external to

the cell membrane and interacts with transport components of that

membrane to facilitate sulfate uptake. Although the study is not

yet complete and there are many details yet to be explored, it

already represents a major advance in our understanding of the

mechanism by which one cell type can respond to nutrient stress.

The consequences of sulfate deprivation in Chlamydomonas are

being studied by Eugenio DeHostos. Here, one consequence of

sulfur deprivation is extensive production of an arylsulfatase—an

enzyme secreted outside of the cell membrane which cleaves sulfate

from organic compounds in the immediate environment. DeHostos
has purified this enzyme to homogeneity and characterized it, and

has also isolated and characterized its gene. Sequence studies of the

structural part of the gene are almost complete, and analysis of the

primary structure of the promoter region is well under way. As the

evidence suggests that regulation of this gene by sulfate deprivation

is probably at the level of gene transcription, knowledge of the

structure of the gene's promoter region is essential to understanding

the details of the regulatory mechanism.

The second major focus for Grossman and co-workers is the

fascinating phenomenon of complementary chromatic adaptation—

a

phenomenon whereby when certain cyanobacteria such as Fremyella

diplosiphon are shifted from light of one color to light of another

(e.g., from red to green or vice versa), they decrease production of

pigments absorbing light of the first spectral quality and increase

production of pigments absorbing light of the second. In Fremyella,

the inducible red-absorbing pigment is a chromoprotein known as

phycocyanin and the inducible green-absorbing pigment is known as

phycoerythrin. There are other chromoproteins present constitutively

under either light regime—a constitutive phycocyanin, a chromo-

protein allophycocyanin, and various chlorophyll proteins, all

required to assure the orderly transfer of energy from whatever

antenna pigment is harvesting the light to the photosynthetic

reaction centers where charge separation occurs.

In the past few years, Grossman and his associates have made
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great progress in the isolation, mapping, and sequencing of many of

the genes for the proteins phycoerythrin, both inducible and

constitutive phycocyanin, and allophycocyanin, as well as some of

the linker proteins required to assemble the various chromoproteins

into functional units called phycobilisomes.

Within the past year, with the collaboration of the Briggs

laboratory, they have made great progress in understanding the

photobiological properties of regulation for the inducible proteins.

Ralf Oelmiiller has completed a detailed characterization of the

changes occurring at the molecular level upon transfer of cells from

red light to green and vice versa. It is clear that for each of the

inducible pigments, favorable light conditions induce transcription

of the mRNA coding for them and unfavorable light conditions

actually accelerate a decline in their transcription. Careful studies

of the lifetimes of the mRNAs involved show that light regulation

must occur entirely at the level of gene transcription and not later,

at the level of mRNA stability, for when gene transcription is

inhibited (i.e., when mRNA synthesis is prevented) light quality
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has no influence whatsoever on the rate of disappearance of the

mRNA already present when the inhibitor was added.

Experiments with inhibitors of protein synthesis suggest that

either induction or repression of transcription for a particular gene
requires protein synthesis. These results suggest that light may
turn on synthesis of specific inducer or repressor molecules

—

molecules that then bind to the promoter regions of the chromoprotein

genes and either induce or repress their activity. Careful studies of

how much light is required to bring about the various increases or

decreases lead to the conclusion that there may well be different

photoreceptor molecules involved in detecting the initial light

signals for phycocyanin and phycoerythrin genes.

Meanwhile, Brigitte Bruns has isolated several classes of mutants
having faulty complementary chromatic adaptations. One class of

mutants appears as though it were growing in green light regardless

of the color of incident illumination. It always makes phycoerythrin

and never makes the inducible phycocyanin. Another class shows
normal regulation of inducible phycoerythrin, but its inducible

phycocyanin is always expressed. A third class shows normal

regulation of phycocyanin, but never makes any phycoerythrin. In

all of these mutants, regulation must be at the level of mRNA
synthesis, as presence or absence of a particular pigment always

reflects presence or absence of the appropriate gene transcript.

Since Grossman has recently had success in introducing foreign

DNA into Fremyella via electroporation, it should be possible to

complement the mutant organisms with wild-type DNA and restore

normal function. Detailed knowledge of what is happening in

complementation should provide important information on the

nature of light regulation. David Laudenbach has recently begun
this complementation project.

In addition, Laudenbach and Bruns are attaching whole or partial

promoter regions from phycoerythrin and inducible phycocyanin to

reporter genes in order to define the regions of the promoters

required for light regulation.

An important component of the original rationale for investigating

complementary chromatic adaptation was that it might be an

excellent model system that could help us understand the more
complex phenomena of light regulation of development in higher

plants, especially those higher plant phenomena mediated by the

red-far red-reversible chromoprotein phytochrome. Whether the

higher plant and cyanobacterial systems are truly homologous or

not is still an open question; present evidence indicates that they

are not as closely related as one might have originally expected.

Nevertheless, the accomplishments in the Grossman laboratory

represent a major advance in understanding how light can regulate

development of the photosynthetic apparatus in at least one system.
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Control of Plant Development by Light

As with other laboratories in the Department, the Briggs group

is carrying out investigations in several directions. These include a

continuation of study begun several years ago in collaboration

with William Thompson on the nature of regulation of the abundance

of certain mRNAs by light (postdoctoral fellow Anurag Sagar), the

genetics and molecular biology of the regulation of the synthesis of

purple pigments (anthocyanins) by light in maize (postdoctoral

fellow Loverine Taylor), differential growth responses brought

about by unilateral illumination (phototropism) (graduate student

Karen Parker), rapid inhibition of growth by blue light (graduate

student Marta Laskowski), and rapid changes in the phosphorylation

status of a plasma membrane protein by blue light (graduate

student Timothy Short). Given the limitations of space, this account

will focus only on the last of these projects.

When membranes are isolated from higher-plant stem tissue and

treated with ATP, phosphate groups become attached to some of

the membrane proteins. If the phosphorus is radioactive, the

labeled proteins can easily be visualized by separating them by size

on a gel and then obtaining an autoradiogram. For stem sections

isolated from dark-grown peas, this technique yields a heavily

labeled protein with a molecular weight near 120,000 kD, clearly

localized to the plasma membrane. If the stem sections have been

treated with as little as ten seconds of blue light before isolation

and phosphorylation of the membranes, labeling of a protein at

120,000 kD disappears completely. Since the phosphorylation and

dephosphorylation of proteins is well known both in plants and

animals to be a mechanism for regulating that protein's activity,

these results suggest that an early event in the transduction chain

linking perception of blue light to a subsequent physiological

response may be a rapid change in the phosphorylation and activity

of a plasma membrane protein.

The system is now partially characterized, and several interesting

bits of information have emerged. First, roughly the same amount
of light is required to bring about the phosphorylation change as is

required to induce certain growth changes in response to blue light.

Second, the change is found predominantly in rapidly growing stem
tissue, the tissue that responds to light by phototropism or growth
inhibition. Third, after a saturating exposure to blue light, the

system recovers to the dark condition in between 30 and 60

minutes—as does sensitivity in other plant systems tested. Fourth,

the reaction is extremely fast—even three seconds of blue light is

sufficient to bring it almost to completion. Finally, irradiation of the

isolated membranes exposes sites on a 120,000-kD protein for
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subsequent labeling by phosphorylation, perhaps representing part

of the reaction cycle occurring when the intact stems are illuminated.

Future studies will attempt to isolate and characterize the responsible

photoreceptor molecule.

To date, very little has been learned either about the photoreceptor

molecules involved in blue light perception in higher plants or about

the early events following pigment photoexcitation. This work
appears to be a major step forward in our efforts to characterize

this system.

The progress summarized above for the Department's six

laboratories plus a great deal of science not discussed is strong

testimony to support the Carnegie philosophy—to bring first-rate

scientists together, provide them with a creative atmosphere in

which to work, give them reasonable support, and leave them to

their devices. It is a philosophy that has served the Institution well

for decades in the past. Interactions develop, experiments are

carried out, and scientific knowledge is significantly advanced.
—Winslow R. Briggs
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The Director's Essay

Research at the Geophysical Laboratory encompasses an

extremely wide range of subjects, reflecting the interests of

the scientific staff and a philosophy of the Carnegie Institution

encouraging scientists to cross traditional boundaries whenever
unusual opportunities arise. An example of this is the research on

high-temperature superconductors performed during the past year

by Geophysical Laboratory investigators in collaboration with

scientists at other institutions. Although not directly a problem in

geophysics, the initial characterization of oxide superconductors has

employed just the tools used in normal mineralogical work, and it

has been relatively easy for staff members to work on these

materials without disrupting other ongoing research projects.

Examples of other current interests range through condensation

in the solar nebula, studies in the hydrosphere, carbon-dating of

fossil bones, the nature of the Earth's mantle and core, phase

transitions and crystal structures of minerals, Raman spectra of

amorphous silica phases at high pressure, equation-of-state and
structure of solid hydrogen, the petrology of kimberlites, and the

analysis of stable isotopes for a variety of applications.

Symmetry in the Earth's Convective System

In 1839 William Hopkins first suggested sub-crustal convection

within the Earth. Although its acceptance as an important process

in the Earth's interior was slow at first, convection is now thought

to have an essential role in the evolution of the Earth's atmosphere,

oceans, crust, mantle, and core.

In his research, Neil Irvine has discovered evidence of symmetry
in the Earth's convection system, and on this basis he has deduced

a global convection structure. The symmetry is illustrated by
means of a "convection framework" composed of three mutually

perpendicular great circles intersecting at six "convection centers"

(Fig. 1). Two of the centers are well-known volcanic hot spots

—

Hawaii and Iceland. The Hawaiian antipole is located near the

Okavango delta in southern Africa; the Iceland antipole lies next to

the Balleny islands off the edge of Antarctica near the Pacific-
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Fig. 1. Tectonic map of the Earth showing the convection framework defined by

Neil Irvine. Large arrows denote plate motions according to the slab-pull model

of Solomon and Sleep {J. Geophys. Res. 79, 2557-2567, 1974).

Antarctic mid-ocean ridge. A fifth center is on the edge of Peru,

and the sixth is just off the coast of Vietnam. By Irvine's concepts,

the centers at Hawaii, Iceland, Okavango, and Balleny mark what
are primarily axes of convective upwelling; those at Peru and

Vietnam overlie regions dominated by downwelling. Supporting

evidence is drawn from lithospheric plate motions and broad

tectonic relationships, from the tomography of the Earth's thermal

structure, from the dynamic structure of the core-mantle boundary,

and from the Earth's magnetic field. Relationships to the magnetic

field suggest that the locations of the centers originate with the

convection motions in the liquid part of the core, and Irvine proposes

a structure for these motions in which a fundamental control is

the Coriolis force due to the Earth's rotation.

The mantle convection structure then bridges the differences

between the core system and the observed motions of the lithospheric

plates. A stratified system is inferred, with convection interfaces on

the global seismic discontinuities at 400-km and 670-km depth.

Motions are based on a "bilateral convergence model" for the lower

mantle (Fig. 2) and the different combinations of mechanical and

thermal coupling on the 670-km interface, depending on the tectonic

features involved (Fig. 3). The bilateral convergence model broadly

accounts for the major zones of lithospheric plate convergence, and

through the coupling effects (which are supported by tomographic

evidence) the localized deep mantle upwelling beneath Hawaii,

Iceland, Okavango, and Balleny can control the plate spreading at
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the mid-ocean ridges. Irvine shows also that the upwelling beneath
Hawaii could have powered the motion of the Pacific plate at the

same time it was a hotspot magma source for the Emperor and
Hawaiian seamount/island chains (Fig. 3c).

Indications are that this convection system was operative at the

start of the Mesozoic, about 280 million years ago, and it might

even have functioned in the Precambrian. It appears to have been
particularly crucial to the eruptions of the giant continental basalt

floods and to the formation of the major fields of kimberlite and
carbonatite bodies in southern Africa and Siberia.

Low-Ca Garnet Harzburgites: Origin and Role in Craton
Structure. Important sources of information about the Earth's deep
interior are the xenoliths that occur in kimberlite pipes—the

small-diameter intrusions that have punched their way some 200

kilometers up from the mantle. Francis R. Boyd and Peter H.

Nixon (University of Leeds), continuing their investigations of the

geology and petrology of kimberlites in southern Africa, recently

have studied garnet harzburgite xenoliths that appear to be free of

diopside, a common calcium-bearing silicate. Among these harzbur-

gites are sparse samples in which the garnets are deficient in Ca,

having concentrations markedly below those of garnets that have

equilibrated with diopside. Although rare as constituent minerals in

xenoliths, individual grains of low-Ca garnets form as much as 10-

30% of concentrates of peridotite garnets extracted from kimberlites

erupted within the boundaries of the Kaapvaal craton in South

Africa. The relatively large abundance of low-Ca garnet grains in

concentrates is evidence of a greater abundance of subcalcic

harzburgites at depth in the craton than would be estimated from

their seemingly low proportions in xenolith suites.

The low-Ca garnets have crystallized in harzburgites and dunites

with olivine and enstatite that are especially rich in Mg; collectively

these minerals resemble counterparts included in diamonds. Of the

approximately twenty subcalcic harzburgite xenoliths from southern

Africa that have thus far been recognized none contain diamonds,

but two have coarse graphite, and the compositions of the minerals

in all of them are similar to those of the diamondiferous and

graphite-bearing megacrystalline dunites from Yakutia, USSR.
Possibly these harzburgites and dunites are samples of the source

rocks for peridotitic diamonds in southern Africa as well as Yakutia.

A number of hypotheses have been advanced to explain the

origin of the subcalcic harzburgites. They are deficient in most
magmaphile elements, including Na, Ca, and Fe, relative to the

common garnet lherzolites that largely comprise the Kaapvaal and

other cratons, and it is thus possible that the harzburgites have an

origin similar to the lherzolites but have experienced a greater

degree of igneous depletion. Alternatively, the fact that the African
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subcalcic harzburgites and related Yakutian dunites contain more-

abundant carbon as graphite or diamond than do the common
garnet lherzolites could be evidence that the harzburgites and

dunites have experienced metasomatism by introduction of carbon-

bearing volatiles, perhaps originating in the asthenosphere. Another
possibility is that because harzburgites and related dunites resemble

altered oceanic peridotites in their deficiency of Ca, they may have

originated by high-pressure metamorphism of subducted meta-

serpentinites or subducted oceanic cumulates.

These hypotheses and those that require metasomatism of

peridotites at the base of the lithosphere might account for the

origin of those harzburgites of deepest origin (Fig. 4). Boyd and
Nixon, however, point out that these hypotheses fail to provide a

satisfactory explanation for the presence of low-calcium garnet

harzburgites at relatively shallow levels in the craton root.

Accordingly, they propose an origin by igneous depletion more
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Fig. 4. Temperatures and depths of equilibration for low-Ca

garnet harzburgite xenoliths (solid points) from five Kaapvaal

kimberlites of varied age and provenance compared with those for

low- and high-temperature lherzolites from northern Lesotho

(open circles and triangles, respectively).
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extensive than that experienced by the common, low-temperature

lherzolites. This, they believe, offers a possible interpretation for

all the harzburgites.

Others have noted that harzburgites melt at higher temperatures

than lherzolites in the presence of H2 and C02 and that a stable

zone of harzburgite might exist at the base of the craton lithosphere.

If the base of the lithosphere were subjected to thermal erosion,

perhaps as a consequence of heating following tectonic thickening,

the proportion of pre-existing harzburgite might be enhanced and
additional harzburgite might be created as a product of lherzolite

melting and melt extraction. Harzburgites within the craton might

thus originate in more than one episode of melting and depletion,

some forming in early igneous events in which the craton as a

whole was created and some in subsequent events localized at the

base. Such a model would appear to provide an explanation for the

origins of harzburgites at all levels in the craton lithosphere.

The presence at the base of the Kaapvaal craton of these low-Ca
harzburgites and of Archaean diamonds believed to be associated

with them implies that there has been no substantial erosion of the

base of the craton for at least the past three billion years.

Analysis of Fluid Inclusions

John Frantz, Ho-kwang Mao, and predoctoral fellow Yi-gang

Zhang have initiated a study of fluid inclusions in minerals, using

new experimental techniques for analysis of the inclusions. Fluid

inclusions contained in natural minerals provide a valuable tool by
which geologists can interpret the conditions of formation of rock

systems. These inclusions are actually small cavities in minerals on

the order of 1-100 micrometers diameter that are filled with liquid

and/or vapor trapped when the crystal was growing in an aqueous

environment.

Although geologists have studied liquid inclusions for many
years, a major problem has been in analyzing the chemical and

isotopic compositions of individual inclusions. Minerals often have

different generations of inclusions, containing very different fluid

compositions, so that valuable information pertaining to the evolution

of the rock is lost when only average fluid compositions are

determined. In a novel approach to chemical analysis, Frantz, Mao,

and Zhang have developed a technique that uses synchrotron

radiation to excite the x-ray fluorescence of the inclusions. The use

of x-ray fluorescence techniques on individual microsamples of less

than a millimeter requires a focused x-ray beam from an intense

source. In collaboration with scientists at the Department of X-ray

Optics, Lawrence Berkeley Laboratory, Frantz, Mao, and Zhang
use a double mirror focusing device, producing 10-KeV incident

radiation focused to a small (5-10 micrometer) spot on a sample.
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Fig. 5. Diagram showing the x-ray microprobe system.

The intensity of an x-ray fluorescence line is directly proportional

to the number of atoms of a particular element exposed within the

beam.
Preliminary experiments designed to test the feasibility of this

approach in analyzing fluid inclusions were instituted using the

National Synchrotron Light Source at Brookhaven National

Laboratory. Figure 5 shows the experimental arrangement of x-ray

source, focusing mirrors, sample, and x-ray detector. In an

experiment using fractured synthetic quartz which was equilibrated

at 600°C and 2000 bars for several days with fluids containing

various metal salts, fluid inclusions were created along the interior

fractured surfaces. The inclusions were 2-5 micrometers thick

and 2-75 micrometers across. Figure 6 shows a photomicrograph

and calcium contours for a 2.0-molal CaCl2 inclusion. The results of

this study are exciting because they show that elements in a fluid

inclusion of only 17 x 7 x 3 micrometers can be identified and

reasonable semi-quantitative analyses of their concentrations

obtained. Additional work at Brookhaven Laboratory should help

Frantz, Mao, and Zhang further refine their experimental techniques.

Biogeochemical Processes in the Delaware Estuary

Marilyn Fogel, visiting investigator David Velinsky, and
postdoctoral fellow Luis Cifuentes, working with J. R. Pennock and
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Fig. 6. At left: photomicrograph of 2.0-molal CaCl2 fluid

inclusion in the mineral quartz. At right: contours of fluorescence

intensity obtained from synchrotron x-ray radiation. Use of

synchrotron radiation permits for the first time determination of

concentrations in individual inclusions.

Jonathan Sharp (both of University of Delaware), have been

studying the biogeochemical processes affecting the stable carbon

isotopic composition of particulate carbon in the Delaware estuary.

The stable carbon isotopic composition (8
13C) of organic matter in

the kerogen of sedimentary rocks has long been used as an indicator

of the source of sedimentary rock material and, more recently, as

an indicator of the depositional environment. The 8 13C of amorphous
kerogen resulting from the production and subsequent degradation

of phytoplankton—small ocean-dwelling photosynthetic organisms

—

ranges from -20 to -35%o over most of the Earth's history, with

some notable exceptions in the Precambrian. It has been proposed

that two types of kerogen with differing 8 13C are preserved in

the fossil record: the first, with a 8 13C of -26 to -35, was produced

in shallow epicontinental seas, which do not exist today, and the

second, with a 8 13C of -20 to -24, was produced in deep, well-

circulated oceans such as those of the present. A related conclusion

is that the 8 13C of inorganic C02 available to the phytoplankton was
the controlling factor in the 8 13C of organic matter preserved in

sedimentary rocks.

In order to test this hypothesis, Fogel and her colleagues have



GEOPHYSICAL LABORATORY 87

been studying variations in the carbon isotopic composition of

particulate carbon (primarily phytoplankton) and inorganic carbon

in the Delaware estuary, a shallow estuarine environment with

several characteristics similar to those of an epicontinental sea (for

example, <200 m depth, high primary productivity rates, and

high microbial remineralization rates). They propose a simple model

where carbon isotopic fractionation takes place in the algae during

photosynthesis. In contrast to previous ideas, they suggest that

changes in the 8 13C of particulate carbon are related to the rate of

primary productivity, C02 concentrations in the water column, and

the pathway of carbon uptake into the algae.

In the Delaware estuary, isotopic fractionation is most likely

related to the rate of primary productivity and C02 concentrations

in the water column. Fogel and colleagues propose that the pathway

for C into the cell includes an active transport of bicarbonate

during bloom conditions in spring, when dissolved C02 concentrations

are lower. Higher concentrations of dissolved C02 occur in summer,
which can be explained by respiratory C02 released into the water

column by microorganisms, zooplankton, and other heterotrophic

organisms, a view consistent with a lower concentration of chlorophyll

or algal biomass in the water column during the summer bloom.

Even though productivity rates were similar in both spring and

summer blooms, the carbon isotopic ratios of the phytoplankton

were very different.

In summary, in both the river and the bay, remineralization

increases the concentrations of C02(g)
present in the water column,

while the total dissolved inorganic carbon (DIC) changes only

slightly. In contrast to previous ideas, variations in the 8 13C of DIC
can explain only some of the variability in 8 13 of particulate carbon

(~3%o); however, the maximum range in the carbon isotopic

composition ( - 18 to - 30%o) must be related to changes occurring

in the isotopic discrimination during photosynthesis (A = - 7 to

- 16%o). Active transport of bicarbonate and C02 limitation for

carboxylation could explain lower fractionations and more-positive

8 13C values in spring, whereas higher external C02(g)
concentrations

resulting in higher internal C02 concentrations would result in

greater fractionation and more-negative 8 13C in summer. Photosyn-

thesis and respiration processes attain different balances with

season or with location that cause the 8 13C composition of organic

matter to change from - 16 to - 30, a range similar to those

measured in amorphous kerogens. The 8 13C of these kerogens were
probably controlled by similar biogeochemical processes.

Three-Billion-Year-Old Barite from Southern India

Thomas Hoering has determined the isotopic composition of the

sulfur in bedded barites (BaS04 ) from the Archean of southern



Fig. 7. Scanning electron microscope image of rounded pyrite

grain from Archean barite of Karnataka, India. The major length

of the crystal is about 1 mm.

Fig. 8. Photomicrograph of polished section in reflected light of

pyrite grain embedded in barite from the Archean of Karnataka,

India. The major length of the crystal is about 0.5 mm. (Courtesy

of Dr. A. P. Gize, University of Southampton, U.K.)
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India with the goal of increasing our understanding of the origin of

these three-billion-year-old rocks and the later evolution of the

biological sulfur cycle.

The stable isotopes of sulfur in ancient sedimentary rocks record

unique features of early life on Earth. In rocks older than 2.8

billion years, for example, reduced minerals (predominantly pyrite,

FeS2) have a 34S/32S that is relatively uniform and near the value

associated with primary igneous rocks. In rocks younger than this,

there is a wide dispersion in the sulfur isotope ratios of sedimentary

pyrite. Because the spread in isotope ratios in modern sediments is

caused by the operation of the biologically mediated geochemical

cycle of sulfur, sulfate-reducing and sulfur-oxidizing bacteria must
have evolved around 2.8 billion years ago.

The enrichment of the heavy isotope of sulfur, 34
S, in the sulfate

ion (S04
" ~) of seawater, as recorded by minerals in evaporite

deposits, displays wide, systematic variations over geological time.

The most striking is in sediments over 3.0 billion years old where
bedded barite deposits have sulfur isotope ratios that are not

enriched in 34S and fall in the range of those in igneous rocks.

Again, because the partitioning of the heavy and light isotopes into

oxidized and reduced chemical species, respectively, is due to the

operation of the biologically mediated, dissimilatory sulfur cycle,

these barites are presumed to pre-date the sulfur cycle as we know
it today.

The geological record of bedded barites of this extreme age is

meager; only three previous examples are known. Hoering has

identified a new occurrence of an Archean, bedded barite in India

that has not been enriched in the heavy isotope. To make these

measurements, he has developed a new method for determining

variations in all of the stable isotopes of sulfur.

Bedded barite in the Precambrian metasediments of the Dhwar
craton in Karnataka, India, is concordantly bedded with quartzites

and is cut by only a few, late quartz veins. The barite beds, which

have been traced for 8-10 kilometers, are found in the Chitradurga

greenstone in Sargur group rocks estimated to be 3.0 billion years

old. Exact ages of the rocks in this area are not well established.

Several samples of barite collected from small surface pits

contain layers of rounded pyrite grains, rather than pyrite in its

usual cubic habit (see Figs. 7 and 8). The rounding of pyrite into

such detrital material is ascribed to stream transport and, if true,

constitutes additional evidence that the barite was deposited as

part of a sedimentary sequence or as a diagenetic replacement of an

evaporite rather than by a hydrothermal solution.

Sulfur has four stable isotopes, of masses 32, 33, 34, and 36.

Variations in the isotope ratios of sulfur, for example 34S/32S, are

measured in terms of deviations of this ratio from a standard

reference material, the troilite (FeS) from Canyon Diablo meteorite:
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8 34S + {[(
34 S/32S) x -

(
34 S/32S)J - 1} x 1000,

where the subscripts x and s refer to the unknown and the standard

sample, respectively. Similar expressions hold for 33S and 36
S. The

values obtained by Hoering for the variations in the sulfur isotope

ratios in the barite and co-existing rounded pyrite are as follows:

Barite Pyrite

833S +1.73 ± 0.17 -3.20 ± 0.16

834S +4.26 ± 0.21 -5.55 ± 0.20

8 36S +10.24 ± 0.20 -10.25 ± 0.50

The value of 8 34S for the barite falls in the range found for sulfur

in igneous rocks and contrasts sharply with the value of +20.92 of

contemporary seawater sulfate. The sulfur in the barite has

undergone little isotope fractionation. Relatively little is known
about the relationship between sulfur isotope fractionation and

nuclear mass (8
33S, [Gd]34

S, and 8 36
S), and future experiments are

being designed to measure this mass dependence more accurately.

The value of 8 34S obtained by Hoering on the barite from India

agrees with the three other examples in this age range: (1) Warwoona
Group, Pilbara Block, Western Australia, age 3.5 b.y., S 34S 3.0 to

4.2; (2) Fig Tree Group, South Africa, 3.3 b.y., 8 34S 2.5 to 4.0;

(3) Inegra Series, Aldan Shield, Siberia, 3.1 b.y., 8 34S 3.5 to 8.0.

The appearance of appreciable sulfur isotope fractionation in the

geological record is equated with the emergence of ancestral

Desulfovibrio (sulfate-reducing bacteria) about 2.8 billion years ago.

Previous to that, unstable, reduced sulfur species such as elemental

sulfur or thiosulfate predominated. What, then, could have formed

authigenic sulfates in Archean-aged sediments in the absence of the

biological sulfur cycle? Perhaps non-biological oxidation of reduced

sulfur molecules by atmospheric oxygen was responsible. Previously

it was thought that the oxygen content of the Earth's atmosphere

before three billion years ago was extremely low, but arguments in

support of a higher concentration are now being given serious

consideration. Because the 180/16 of atmospheric oxygen is greatly

different than that in seawater, measurement of the oxygen isotope

ratios in these Archean barites and a comparison with more-recent

sulfate samples could give some credence to this speculation.

Facilities for measuring oxygen isotope ratios in sulfates are being

set up at the Geophysical Laboratory.

Mineral Physics

When the general concept for the Geophysical Laboratory was
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conceived in 1902 (Year Book 1), the Advisory Committee on

Geophysics stated:

One of the most hopeful resources for disclosing the

constitution and conditions of the interior is found in

the transmission of earthquake vibrations directly

through the body of the earth, such as are now being

recorded in different parts of the globe. These disclose

extraordinary elasticity in the center [interior] of the

earth, but before this fact can be safely interpreted the

effects of pressure and heat on the elasticity of

different classes of earth material in its different states

need to be determined with the greatest practicable

precision for the greatest practicable range of pressures,

temperatures, materials and states of materials.

Today, the Laboratory is very much involved in investigating the

fundamental ways in which earth materials behave under extreme
conditions, especially how the constitution of the Earth's interior is

affected by the variables pressure, temperature, and chemical

composition. The deepest holes that can be drilled today probe

approximately ten kilometers into the crust, reaching only relatively

low temperatures and pressures. In the laboratory, however, we
can reproduce by static techniques the entire range of pressures

and temperatures existing within the Earth (the center of Earth is

6,371 km deep, and has pressures up to 360 GPa, or 3.6 megabars,

and temperatures greater than 5000K). Twenty years ago it was
predicted that by the end of the 1980's man would achieve static

high pressure of one million atmospheres (about 100 GPa) in the

laboratory. Many dismissed this as only speculation; some went so

far as to "prove" it wrong. But actual progress in high-pressure

science and technology has outstripped even this visionary assessment

of the future. Over the years, the Geophysical Laboratory has

repeatedly established static high-pressure records, most recently

attaining 550 GPa in a diamond-anvil device (Year Book 85, p. 73).

Not only is it important to achieve high pressures and tempera-

tures, but it is also important to perform experiments that provide

new information about the interaction of these variables among
materials of known composition. For example, the compressibility

and thermal expansion of minerals as functions of pressure,

temperature, and composition are crucial parameters for constraining

models of chemical stratification of the mantle. For a mantle

composition in the MgO-FeO-CaO-Si02 system, the lower mantle

consists mainly of two perovskite phases, mostly an orthorhombic

ferromagnesian silicate perovskite and a cubic calcium silicate

perovskite (CaSi03 ) as a minor phase.

Ho-kwang Mao, Yan Wu (Lawrence Berkeley Laboratory),

Russell Hemley, and postdoctoral fellows Andrew Jephcoat and
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Chang-sheng Zha, in collaboration with William Bassett of Cornell

University, studied CaSi03 perovskite up to 40 GPa and down to

ambient pressure with a wiggler beamline and energy dispersive x-

ray (EDX) diffraction technique at the Cornell High Energy
Synchrotron Source. The CaSi03 perovskite, which was previously

thought to be unquenchable upon the release of pressure, was
found to be quenchable for a short time. They were able to obtain a

rapid x-ray diffraction pattern of CaSi03 perovskite at ambient
pressure within five minutes, before it became amorphous, thus

providing important information about this material.

Research associate Liang-chen Chen and Mao have also studied

CaSi03 in diamond anvil cells up to the conditions of the core-

mantle boundary. Starting with crystalline wollastonite, at every
increment of pressure the samples were heated to 2000K for phase

equilibration, and the temperature-quenched products were examined

by in situ x-ray diffraction at high pressures for phase identification

and density determination. After converting to wollastonite II at 2

GPa, a new nonquenchable high pressure phase of CaSi03 was
observed above 7 GPa. The crystal structure of the new phase has

not yet been determined.

The cubic phase of CaSi03 perovskite was found to be stable

above 10 GPa. The cubic structure remained undistorted up to 130

GPa, the maximum pressure studied (Fig. 9). The density of the

CaSi03 perovskite fits a Murnaghan equation of state with K =

240 GPa and K ' = 4, and is 3% lighter than the PREM (Preliminary

Reference Earth Model) density at the corresponding pressures and
temperatures.

As to the debate whether the 670-km discontinuity is a chemical

or a phase boundary, Mao proposes a model where the discontinuity

is a phase-transition-driven, chemical-composition boundary. The
model envisions that, for an original mantle with uniform bulk

chemical composition, a strong chemical composition gradient of x

(the concentration of iron) existed in each coexisting phase in the

interval of divariant equilibrium between (Fe,Mg)2Si04 spinel and
perovskite plus magnesiowiistite, which corresponds to the pressure

of 670-km depth. Thus a strong chemical potential gradient drove a

diffusion process for transporting iron to the lower mantle, and

eventually the divariant interval was reduced to a sharp equilibrium

boundary. Separate convection systems in the upper and lower

mantles carried the diffused iron away from the boundary and

allowed the process to continue until the entire lower mantle

became the same composition, different from that of the upper

mantle. In summary, this process started with a mantle of uniform

chemical composition but with a discontinuous chemical potential

gradient at phase equilibrium. Through diffusion and convection,

the chemical potential gradient was smoothed out, but a chemical

composition discontinuity resulted.
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The efficiency of this process depends on the diffusion coefficient

and the chemical potential gradient. Since in the vicinity of the 670-

km discontinuity the density of melt approaches the density of the

solid, coexistence of partial melt and solid is expected through

the long period of the Earth's evolution. Diffusion in fluid is efficient

and adequate to separate the composition of the entire mantle. The
chemical potential gradient, dx/dP, of this transition is very steep,

as is observed in experiments, which further enhances the efficiency

of the process. As a result, the mantle ends up with the present

compositions of x = 0.1 in the upper mantle and 0.2 in the lower

mantle, which correspond exactly to the experimentally determined

compositions on both sides of the divariant loop.

Lattice Dynamics. In addition to experimental research on

problems of the mantle, computer modeling is also important for

aiding the interpretation of mantle structure. The lattice dynamics,

or the vibrational and energy states of structures, of magnesium
silicate perovskite at high pressure are of interest because of the

likely abundance of this material (and structurally related phases)

in the Earth's lower mantle. A consideration of the lattice dynamics
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is essential for understanding structural phase transitions, soft

modes, entropy, and thermal expansivity at an atomic level. In

studies of dynamical properties of high-pressure phases, it is

essential that measurements be carried out at pressure conditions

appropriate for the stability field of the phase. Hemley and Mao,
working in collaboration with Amir Yeganeh-Haeri and Donald J.

Weidner of SUNY at Stony Brook, and Eiji Ito of Okayama
University, Japan, measured vibrational Raman spectra of 50-100-

|jim single crystals of MgSi03 perovskite in situ at high pressure.

Seven bands were tracked as a function of pressure into the

stability field of the phase using a diamond-anvil cell with rare-gas

pressure-transmitting media (Fig. 10). The frequency shifts with

pressure were positive, and no soft modes were observed. Zero-

pressure frequency shifts {dvildP) varied between 1.7 and 4.2

cm"VGPa, which contrasted with the uniform shift of 2.6 cm"VGPa
for modes measured in high-pressure mid-infrared spectra. The
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mode-Gruneisen parameters 7, determined from the present data

thus spanned a larger range of values (1.3-1.9), and were generally

higher than those reported in the infrared study. These results are

consistent with the comparatively high thermal expansivity measured

for MgSi03 perovskite by x-ray diffraction.

Amorphization of Minerals. The crystal-to-amorphous transfor-

mation in the solid state is a subject of active study in condensed

matter physics and geophysics. Since the seminal discovery of the

amorphization of H2 Ice I under pressure by Mishima, Calvert,

and Whalley at the National Research Council of Canada, interest

has focused on the possible occurrence of pressure-induced

amorphization in other systems, the thermodynamic and mechanistic

basis of the process, and the relationship between amorphization by
pressure and by other means.

Russell Hemley, Andrew Jephcoat, and Ho-kwang Mao, in

collaboration with L. C. Ming and M. H. Manghnani of the Hawaii
Institute of Geophysics, University of Hawaii, performed in situ

synchrotron x-ray diffraction measurements of a-quartz and coesite

in a diamond-anvil cell at the Stanford Synchrotron Radiation

Laboratory. The measurements demonstrated that these crystalline

phases transform to an amorphous state at 25-35 GPa and 300K,

i.e., at temperatures far below the glass transition temperature T
g

of Si02 . The results confirmed the interpretation of earlier in situ

high-pressure Raman spectra of silica polymorphs performed by
Hemley. An internally consistent thermodynamic description of the

process was developed using the measured equations of state (Fig.

11) and the available free-energy data for each phase. The
measurements provide constraints on the equation of state of the

amorphous Si02 and on the melting relations of the crystalline

phases at high pressures. The results also shed light on the

mechanism for glass formation in Si02 in laboratory shock-wave

experiments and meteorite-impact events, and provide insights into

the thermoelastic stability of tetrahedral framework structures at

high compression.

Solid Hydrogen. The phases of solid hydrogen at high density are

currently a subject of great theoretical and experimental interest.

Recent advances in experimental high-pressure techniques have

provided a number of fundamental constraints on the phase diagram
of hydrogen at pressures below 100 GPa, including recent direct

crystal structure determination using single-crystal x-ray diffraction

by the Geophysical Lab group (Year Book 86, pp. 86-88). At
higher pressures, solid molecular hydrogen is predicted to undergo
a series of phase transformations, including orientational ordering,

molecular band-overlap, and eventually dissociation of the molecular

bond to form an atomically bonded, metallic solid. Static compression

of hydrogen to pressures where such structural transitions are
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New data were obtained for quartz and coesite at high pressure.

Both phases become amorphous by x-ray diffraction and by
Raman spectroscopy at 25-35 GPa. The amorphization

transformation pressure is consistent with the high compressibility

of the Si02 glass indicated by the hatched region.

predicted to occur, together with successful measurement of

physical properties under these extreme conditions, has proven to

be a difficult challenge.

In previous work at the Geophysical Laboratory, solid hydrogen

was compressed in a diamond-anvil cell to maximum pressures of

147 GPa at room temperature. Raman measurements carried out to

these pressures indicated that the molecular solid is stable over this

pressure range. During the past year, Hemley and Mao successfully

compressed solid hydrogen in a diamond-anvil cell to pressures in
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the 250-GPa range. Again, Raman scattering measurements were
performed to characterize the structure and state of the molecular

bond. The Raman spectra demonstrated that the solid undergoes a

structural phase transformation at 145 GPa at 77 K, as evidenced

by an abrupt discontinuity in the intramolecular vibron (H-H)

frequency with increasing pressure at low temperature. The
magnitude of the vibron frequency shift and the pressure-temperature

conditions of the phase transformation are fully consistent with its

identification as the theoretically predicted, pressure-induced

orientational ordering of the molecular solid. The higher pressure

measurements of the molecular vibron to 250 GPa provide a new
lower bound on the transition pressure of the molecular-to-atomic

transformation predicted over fifty years ago.

Phase Transitions. Geoscientists are interested in mineral phase

transitions, not only those thought to occur at the major seismic

boundaries in the Earth, but also those that take place within the

crust and upper mantle. The occurrence of the LiNb03 structure

among compounds with AB03 stoichiometry is rare, and no mineral

has yet been identified as having this structure. Furthermore, little

is known about the factors contributing to the stability of this

structure over that of the ubiquitous ilmenite and perovskite

structures. Postdoctoral fellow Nancy Ross, Charles Prewitt, and

graduate student Jaidong Ko from SUNY Stony Brook have

investigated the phase relations of MnTi03 . Until recently, MnTi03

was thought to transform from an ordered ilmenite structure

(MnTi03 I) at room pressure and temperature to a corundum-type

structure (MnTi03 II) having completely disordered Mn and Ti at

high pressures and temperatures. A similar transition has been
reported in other compounds, including FeTi03 (ilmenite), MgGe03 ,

and ZnGe03 . Ross et al. have shown, however, that the quenched
high-pressure phase of MnTi03 is isostructural with that of LiNb03 .

MnTi03 II is only the fourth stoichiometric compound known to

possess the LiNb03 structure; the other two are LiNb03 itself,

LiTa03 , and possibly CuTa0 3 . In a diamond-cell high-pressure

experiment, the investigators found that MnTi03 transforms from
the LiNb03 structure to the distorted orthorhombic perovskite

structure at about 2.9 GPa, a transition that involves a volume
contraction of about -5% (Fig. 12).

Postdoctoral fellows Ross Angel and Nancy Ross discovered a

previously unknown phase transition in the plagioclase feldspar,

anorthite. Plagioclase feldspars are the most abundant minerals

within the Earth's crust. Yet until recently, their remarkably

diverse sub-solidus behavior has defied understanding, despite the

potential use of plagioclase feldspars for geobarometry and
geothermometry. Recent studies by researchers at Cambridge
University have resulted in the development of a unified picture of
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the thermodynamic behavior of plagioclase feldspars, at least at

ambient pressures.

What has yet to be determined is the effect of pressure upon
these complex phase relations. As a first step Angel and colleagues

measured the compressibilities of the end-member feldspars albite,

sanidine, and anorthite by single-crystal x-ray diffraction methods
in a diamond-anvil cell. The discovery of significant metrical

discontinuities in anorthite suggested that this feldspar undergoes a

non-quenchable phase transition at some pressure between 25.5

and 29.5 kbar. A further series of x-ray diffraction experiments in

the diamond-anvil cell has now been completed, defining the

thermodynamic character of this phase transition, its variation with

composition, and the nature of the high-pressure phase.
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Superconductivity

Superconductivity in New High-Tc Systems: Phase Identification.

During the past year, Robert Hazen, Larry Finger, Ross Angel,

Nancy Ross, Charles Prewitt, Ho-kwang Mao, Christos Hadidiacos,

and David George, working with David Veblen and Peter Heaney
of The Johns Hopkins University, had opportunity to study several

of the newest high~rc superconductors. The discovery by Bednorz
and Muller (IBM Zurich) of high-temperature superconductivity in

an oxide system containing lanthanum, barium, and copper, and the

subsequent development by Wu and colleagues at the University of

Alabama in Huntsville and the University of Houston of a material

in the Y-Ba-Cu-0 system with superconductivity above the 77K
liquid-N2 barrier, has been hailed as a breakthrough that will

eventually transform society's use of electricity and magnetism.

Scientists at the Geophysical Laboratory identified the composition,

YBa2Cu3 6 .5, and perovskite-related crystal structure of the original

yttrium material, and they demonstrated the unique copper-oxygen

layering that is believed to be a key to the unique electrical

properties of these materials (Year Book 86, pp. 108-114).

The past 18 months have seen an intensive, worldwide search for

superconductors in other oxide systems. Researchers hoped both

to increase superconducting critical temperatures Tc above the

~95K of the yttrium-bearing phase, and to improve material

characteristics, such as critical current, defect concentration, and

stability in air. In January 1988, Paul Chu of the University of

Houston sent samples of a new bismuth superconductor to the

Geophysical Laboratory for characterization. The Geophysical

Laboratory workers studied three Bi-Ca-Sr-Cu-0 samples of

different element ratios with optical and electron microscopy, x-ray

powder and single-crystal diffraction, and electron microanalysis.

Four phases were isolated from the Bi-Ca-Sr-Cu-0 samples: two
alkaline earth copper oxides, a bismuth alkaline earth oxide,

and the new superconductor with a stoichiometric cation ratio of

2:1:2:2 for Bi:Ca:Sr:Cu.

The structure of this phase is complicated in at least two ways.

First, a superstructure, probably incommensurate, exists parallel

to the b axis. A superperiodicity of approximately 5x6 (i.e., 27.2

A) is observed by electron diffraction. Second, the phase is

characterized by numerous stacking faults. High-resolution images

show regions in which the c-axis repeat distance is closer to 37 A,

rather than 31 A. Hazen and colleagues suspect that these two
distinct layer spacings may be related to the two observed

superconducting transition temperatures, 110K and 90K.

The new bismuth superconductor is distinguished by a layered

structure related to the class of perovskite-related compounds
known as Aurivillius phases (Fig. 13). In the 2122 phase, double
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superconductors is closely related to the number of adjacent Cu-0
layers. This trend suggests that higher transition temperatures

might be observed in structures with four or more adjacent Cu-0
layers.

layers of bismuth and oxygen alternate with perovskite-like layers

two octahedra thick. These perovskite sheets incorporate two
copper-oxygen layers, similar to those in the yttrium superconductor,

separated by calcium ions. The thicker stacking faults correspond

to triple-copper-layer regions. This superconductor adopts a mica-

like crystal habit and extremely anisotropic electrical properties

because of weak bonding between adjacent Bi-0 layers.

The System Tl-Ca-Ba-Cu-O. In early 1988, Z. Z. Sheng and A.

M. Hermann of the University of Arkansas observed 120K
superconductivity in the Tl-Ca-Ba-Cu-0 system. The multiphase

samples were sent to the Geophysical Laboratory for characterization

in February 1988. Three specimens were examined with starting

cation ratios Tl:Ca:Ba:Cu of 2:2:1:3, 2:3:1:3, and 2:2:2:3, as well as a

30K superconducting sample in the calcium-absent, Tl-Ba-Cu-0

system. As in the bismuth samples, these materials often display

two distinct transition temperatures. A thallium calcium cuprate, a

thallium calcium oxide, and three new superconducting phases,

one with the same 2:1:2:2 stoichiometry as the bismuth phase and

the others with closely related 2:2:2:3 and 2:0:2:1 ratios, were
observed. All of these new superconductors thus are members of

the homologous series of layered compounds

A2CaAr_ iB2C\in02n + 4 + 8

where A represents Tl or Bi, B represents Ba or Sr, and N is the

integral number of copper layers (Fig. 14). The 2:2:2:3 thallium
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phase holds the current (though likely transitory) high-7^ record of

125K for a stable, reproducible compound.

An important feature of all copper-oxygen layered superconductors

is the close relationship between number of Cu-0 layers and the

critical temperature: more layers appear to yield higher critical

temperatures (Fig. 14). Based on this systematic trend, the

Geophysical Laboratory group predicts the attainment of critical

temperatures above 125K in compounds with four or more layers

(e.g., Tl2Ca3Ba2Cu40i2 + 5). A major emphasis of many research

laboratories, therefore, is to increase the number of Cu-0 layers.

A New Cyclosilicate: BaCuSi2 6 . In their efforts to produce new
superconductors in the Tl-Ca-Ba-Cu-0 system, Sheng and Hermann
inadvertently synthesized a new silicate, a product of the reaction

of their starting materials with the quartz container. The new
phase, which possesses a striking magenta color in transmitted

light, was present as 100-300-|jim crystals on the outside of two of

the University of Arkansas samples.

Electron microanalysis of the crystals yielded a stoichiometric

composition, BaCuSi2 6 . The novel crystal structure of this phase,

determined by the Geophysical Laboratory group, consists of

isolated four-tetrahedra silicate rings cross-linked in a manner
identical to that of the rare silicate gillespite, BaFeSi4O 10 , which

possesses layers of interconnected four-tetrahedra rings.

—Charles T. Prewitt
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The Director's Essay

The fundamental task facing earth scientists is to understand

the Earth's initial stace, and the physical, chemical, and

biological processes that have governed its evolution through its

4.5-billion-year history, leading to the planet on which we live

today. This is a challenging task centrally important to our ancient

human need to understand our origin and role in the universe. It is

also critical for ensuring the continuing habitability of our planet

as a possibly rare or even unique environment for ourselves and
other living beings.

Achieving this goal will require distillation of the overwhelming
plethora of observational and experimental data, in order to identify

and answer the most fundamental questions, and to develop unifying

concepts concerning the Earth, concepts that can be transmitted to

succeeding generations through classroom lectures and textbooks.

Without this, we and our descendants will have to contend with a

vast and rapidly growing assemblage of empirical data, in itself

sterile. Together with many colleagues in universities and other

research institutions throughout the world, the major part of the

research effort at DTM is directed toward this synthesis.

It has become increasingly obvious during the past several

decades that confining attention to traditional specialties, such as

seismology, petrology, isotope and trace element geochemistry,

high-pressure mineral physics, and geological mapping, in isolation

from one another, will not achieve this goal. To a significant extent,

as individuals we must all accept the burden of being specialists

and generalists at the same time, and become appreciative of new
discoveries in many areas of earth and planetary science.

In this article several examples of recent earth-oriented work at

DTM will be used to illustrate this evolution. They also point the

way to future potential opportunities that can result from the

planned closer relationship between DTM and the Geophysical

Laboratory. These examples represent only a small part of the

work carried out at DTM during the past year.

An accompanying shorter article by John Graham tells about his

observations of young stars. These stars are now at the stage in
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their evolution corresponding to that of the Sun at the time the

Earth was formed. For this reason these observations are closely

linked to the theoretical and numerical work by Alan Boss and

myself on the formation of the Earth and the Solar System, directed

toward understanding the initial state of the Earth, which in turn

set the stage for its subsequent history and present state.

When presented in this way, the research of this Department
appears to be the result of a well-planned program. Actually, this is

only partly true. An equally valid case could be made that our

research directions have evolved chaotically. Such an argument
would tell how Kent Ford's development in the 1950's of a new
highfy sensitive astronomical detector, the Carnegie Image Tube,

opened up the possibility of studying the rotation of a large sample

of galaxies. Exploitation of this possibility by Rubin, Ford, and

others at DTM then led to their famous work on the mass distribution

in galaxies, and to the demonstration that most of the mass of a

galaxy is not luminous, but is dark, so-called "missing mass." This

essay will include a brief description of recent work of Rubin and

Ford, in collaboration with a former DTM postdoctoral fellow,

Bradley Whitmore, on the rotational properties of galaxies in

clusters.

It might be thought that such ventures into scientific investigations

far beyond the Earth would tend to fragment the Department
among divergent specialties. This has not been the case. In addition

to the intrinsic scientific importance of Rubin and Ford's work, a

significant unplanned reward has been to establish DTM's credentials

as a small but "real" astronomy department—an important factor in

encouraging astronomers like Graham, Boss, and postdoctoral

astronomers to come here to work on problems more closely related

to the study of the Earth, without their feeling that they are an

anomalous appendage to a geology department.

Observational Data Relating Lower Mantle Convection and Surface

Volcanic Rocks

An interesting example of the growing unification of the earth

science specialties is illustrated by this year's work of Paterno

Castillo, a postdoctoral scholar in geochemistry at DTM who, for

the first time, has clearly linked an observable geochemical signature

in surface volcanic rocks to a geophysically observed feature in

the Earth's lower mantle. Explanation of Castillo's geochemical

work will require a digression into recent important discoveries in

seismology.

The new, geochemical work makes use of recent advances in

seismology pioneered by other workers, particularly by Adam
Dziewonski and John Woodhouse at Harvard. Together with other

seismologists, they have developed a new technique of "seismic
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tomography," whereby three-dimensional images of the Earth's

deep interior are obtained by use of new numerical techniques for

the analysis and synthesis of seismic data from large geographical

areas. The method is analogous to more-local techniques used in the

petroleum industry for exploration of near-surface regions of the

Earth's crust. At the present stage of development, the spatial

resolution achieved by deep seismic imaging is not very good.

Current improvements in seismometry and data analysis promise to

produce much better results in the future. But even at its present

early stage of development, these techniques are mapping out the

principal regions of the deep lower mantle where the solid rocks

are convectively flowing downwards, distinguishing these downgoing

regions from those where upwelling of the solid mantle is occurring.

The downward flow is associated with the sinking of denser, colder

rocks having high seismic velocities, and the upwelling with the

tendency of lighter, hotter, low-seismic-velocity rocks to "float"

upwards.

The principal region of downward flow in the lower mantle is

found in a ring around the margin of the Pacific basin where
downgoing slabs of cold, dense oceanic lithospheric plates, about

100 km thick, are being subducted into the mantle. This region is

characterized by the positive (high-velocity) seismic velocity contours

in Figure 1.

There is a debate among seismologists as to whether or not the

downgoing slabs stop sinking at a global discontinuity in seismic

velocity marking the top of the lower mantle at a depth of about

650 km. Other than the boundary between the Earth's silicate

mantle and its iron-alloy core, this boundary probably represents

the most significant demarcation within the Earth's interior. Above
this depth there lies a broad, upper mantle transition zone where
seismic velocities increase more rapidly than would be expected

simply by compression with increasing pressure. This is a consequence

of a series of mineralogical phase changes, possibly associated with

varying chemical composition. Below the seismic velocity jump at

650 km, the mantle appears to undergo simple compression, its

mineralogical and chemical composition probably dominated by a

single mineralogical structure, the magnesium silicate analog of the

calcium-titanium oxide called perovskite.

This seismological debate has broader geodynamical implications,

since it addresses directly the question of whether the whole

mantle flows as a single convecting system, or whether the upper
and lower mantle are convecting separately. If the slabs continue to

sink into the lower mantle, perhaps all the way to the top of the

iron core, they would thereby demonstrate that at least to some
extent whole mantle convection occurs. The data shown in Figure 1

support this interpretation.

Other seismic data further support the concept of slab deep



Fig. 1. Contours of vertically averaged seismic (P-wave) velocity in the lower

mantle, plotted at intervals of 5 meters per second. Shaded areas are regions

of relatively slow velocity; one minimum is south of Africa and another is in the

southern Pacific. These are interpreted to be centers of deep mantle upwelling.

The high-velocity contour seen here roughly encircling the Pacific lies roughly

below the downward-flowing region associated with oceanic lithosphere subduction

closer to the surface. (From seismic tomography by Adam Dziewonski at Harvard

and others.)

penetration. Paul Silver and Winston Chan at DTM have recently

analyzed seismic waves generated by western Pacific earthquakes

whose ray paths pass through the lower mantle beneath regions

where the slab associated with the Kurile island arc is being

subducted. Silver and Chan interpret anomalies in these seismic

signals to be the result of passage of the seismic waves through the

high-velocity Kurile slab down to a depth of about 1000 km, well

inside the lower mantle. In this way, the slab is "seen" in the lower

mantle. This reinforces earlier work on the Mariana trench by
Creager and Jordan at the Scripps Institution of Oceanography,

who used different seismic techniques to identify the Mariana slab

at a depth of 1300 km.
This downward flow must be accompanied by an upward

counterflow in order to conserve mass. The geographical location of

the required deep mantle upwelling is indicated by the negative

contours on Figure 1. These are primarily found in two regions,

one having a maximum just south of Africa but extending over

much of Africa and the eastern Atlantic, and the other in the

southern Central Pacific. In summary, a significant body of seismic

data supports the conclusion that convection occurs on a mantle-

wide scale. Such data indicate that the flow is not confined to

separate isolated regions in the upper and lower mantle, but that

exchange of material occurs between these two mantle regions.
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The work of Castillo, mentioned earlier, provides new evidence

for a surface expression of this deep mantle upwelling. Over a

period of years, it has been becoming increasingly clear that there

is something different about the Southern Hemisphere abundances

of many of the isotopic daughter products of radioactive decay used

as naturally occurring tracers by isotope geochemists. This was
first observed in lead isotope data by Krishna Sinha in 1971 while a

postdoctoral fellow at DTM; much more detailed data on this

anomaly have been obtained by many other workers since then,

including Robert Stern while a DTM postdoctoral fellow. The effect

has been displayed most prominently in data from "ocean island

basalts" from volcanic centers, like Hawaii, not associated with the

dominant source of oceanic volcanism, the global ocean ridge

system. Many of the ocean island basalts in the Indian-South

Atlantic ocean regions have anomalously high 208Pb/204Pb ratios,

positively correlated with 207Pb/204Pb and 87Sr/86Sr ratios.

From the standpoint of the lead isotope data, much of this

material appears to be derived from an old source, comparable in

age to the ~3-billion-year age of the oldest continental rocks. This

phenomenon has been termed the "Dupal anomaly," after the

names of Dupre and Allegre at the University of Paris, who
contributed much to the acquisition and interpretation of the data

that established this effect.

Castillo's contribution has been to extend the sampling of ocean

ridge basalts exhibiting the Dupal anomaly and to trace its signature

in these rocks, generated at the oceanic ridge spreading centers

where new oceanic plates are being formed. Ocean ridge basalts are

particularly important in this regard because volumetrically most of

the oceanic volcanism occurs at the ridges. Hence, while effects

displayed by the volumetrically less significant ocean island basalts

might be considered minor features of the mantle, this cannot be

the case for ridge basalts. The new measurements, when combined
with earlier data, show that the Dupal anomaly is not a globe-

circling Southern Hemisphere phenomenon, but is restricted to

specific regions (Fig. 2). Remarkably, these regions correspond

closely to the regions of lower mantle upwelling defined by seismic

tomography, thereby linking a long-term process taking place deep

within the Earth with a widespread portion of the Earth's surface

volcanic activity.

A New Model for Mantle Convection

The fundamental question of the extent to which the upper and

lower mantle are convecting separately has also been addressed in

detail during the past years by Richard Carlson and Paul Silver, in

collaboration with Peter Olson of The Johns Hopkins University.

These investigators also consider the closely related question of the
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Fig. 2. World map showing the present positions of the continents and prominent

hotspots (filled triangles). Ruled areas enclose the position of oceanic basalts

having geochemically unusual Sr, Nd, and Pb isotopic compositions. These regions

have been termed the Dupal anomaly by previous investigators. The positions of

the two smaller Dupal anomaly areas need to be corrected for recent sea-floor

spreading, as shown by the arrows. The contours display a model, taken from the

literature, of the three-dimensional P-wave seismic velocity distribution averaged

over the whole lower mantle. The contour interval is 5 meters/sec, and the two

fastest areas having velocities higher than 20 meters/sec are shown by shading.

Note that the position of the Dupal anomaly and the minima of the lower velocity

regions of the lower mantle are well correlated, and that most hotspots are

found above the low velocity region.

extent to which the abrupt change in seismic velocity between the

upper and lower mantle represents a change in chemical composition,

as opposed to only a phase change to the more closely packed

perovskite structure. The discontinuity and the associated 6-10%
density change might be associated with a change in chemical

composition, such as an increase in the abundance of iron in the

lower mantle. If so, this would be expected to inhibit transfer of

material between the upper and lower mantle. The basic reason is

simple. For material of intrinsically higher density to rise into

the upper mantle, it would have to be heated to such a high

temperature that its thermally induced buoyancy would overcome
the density difference associated with its chemical composition.

This does not seem likely for probable lower mantle compositions

and temperatures.

In light of the earlier discussion of evidence for subduction of

upper mantle material into the lower mantle and the counterflow

represented at least in part by the Dupal anomaly, one might ask

whether there is any problem in simply accepting a dynamic Earth
dominated by one-layer convection involving the entire mantle.
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Fig. 3. Schematic drawing of penetrative convection in the Earth, as proposed

by investigators Paul Silver and Richard Carlson of DTM and Peter Olson of The
Johns Hopkins University. The model satisfies both the 1.7-billion-year residence

time of material in the upper mantle and the evidence for lower mantle slab

penetration. Because of a —2% density increase from the upper to the lower

mantle, slab material will descend into the lower mantle with little entrained flow

and rapidly return to the upper mantle as a result of its intrinsic positive

buoyancy while in the lower mantle. Once in the upper mantle, this material loses

its compositional buoyancy and mixes in, eventually to be sampled at mid-ocean

ridges, or occasionally at large hotspots if the rising flow from the lower

mantle has sufficient thermal inertia to penetrate through the upper mantle. Slabs

represent the only flux through the transition zone, except perhaps for small

amounts of entrained material of the lower mantle.

After all, if Silver's interpretation of deeply penetrating slabs is

correct, the mass of material transferred to the lower mantle over

earth history represents several times the mass of the entire upper
mantle.

The answer is that there are several other lines of observational

evidence suggesting that the boundary between the upper and

lower mantle actually is a barrier to interchange of material. Silver,

Carlson, and Olson emphasize the 1700-million-year mean age, or

"residence time," of material in the upper mantle, inferred from
lead isotopes in oceanic crustal rocks, as evidence that simple

homogeneous convective mixing of upper and lower mantle material

does not occur. In their thinking, the enrichment in radiogenic lead
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isotopes on which this age is based is not consistent with such a

simple homogeneous model of whole mantle convection, because,

they conclude, in such a model mean residence times of 3-4 billion

years would be found instead. Other authors have used various

geochemical and penological arguments in support of two-layer

rather than whole mantle convection, and in support of a composi-

tional difference between the upper and lower mantle. The question

thus currently being addressed by Silver, Carlson, and Olson is

whether there is some way to reconcile the conflicting evidence for

these alternative interpretations. They conclude that there is.

They propose that there is indeed a compositional boundary
between the upper and lower mantle, but that the density difference

attributable to the change in composition is less than about 2%; the

remainder of the density difference, they suggest, is caused by
mineralogical phase changes. If this is a true picture, then the

boundary will act as a selective filter, or "semipermeable membrane,"
which permits the ~100-km-thick oceanic lithospheric slab itself to

penetrate into the lower mantle but which prevents downward flow

of the entire upper mantle. The reason is that the garnet-rich

mineralogical composition and the low temperature of the slab will

cause the slab to have high-enough density to sink into the lower

mantle, whereas typical, hotter and less-dense upper mantle

material will continue to float above the denser lower mantle. These

slabs will then sink as thick "stringers" or possibly as broken

segments deep into the lower mantle (Fig. 3). Eventually, however,

heating by the surrounding hot lower mantle will lower the density

of the slab sufficiently to cause it to float up into the upper mantle

again. This model differs from homogeneous whole mantle convection

where the upper mantle material completely mixes with the lower

mantle, in that the characteristic time for the round trip of only the

slab through the lower mantle can be calculated to be quite short,

about 200 million years. For this reason the slab will be in the

upper mantle most of the time, and the approximately 1700-million-

year upper mantle residence time, indicated by lead isotope data,

will not be significantly affected. They term this mode of selective

whole mantle circulation "penetrative convection." Although it

satisfies the seismic observations, it requires neither wide-scale

mixing of geochemical reservoirs nor whole mantle overturn. This

model has significant implications for the origin of observed

differences between oceanic island and ocean ridge volcanic rocks.

It is only at the islands that localized lower mantle upwelling

penetrates all the way to the surface, whereas in the source regions

of the ridge basalts, the upwelling material from the lower mantle

is diluted by mixing with the general upper mantle flow.

Of course, the conditions necessary for the operation of this

model may not be present in the real Earth. Of particular importance
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are the relative contributions of compositional differences and phase

changes at the boundary between the upper and lower mantle. The
model requires the intrinsic chemical difference to be small, less

than about 2%. Fortunately, this hypothesis is testable in a number
of ways: among many methods that might be listed are high-

pressure laboratory studies of the detailed nature of mantle phase

transitions, laboratory studies of the changes in seismic velocities

associated with these phase changes, and the corresponding

properties associated with plausible compositional changes.

Investigations of this kind being carried out at the Geophysical

Laboratory tend to support such an intrinsic density difference. In

addition, the circumstances whereby penetrative convection may or

may not provoke lower mantle overturn require numerical and

theoretical modeling.

The technique of seismic tomography is in its infancy. It may be

expected that finer resolution obtainable in the future will support

or preclude penetrative convection, and will provide real images,

rather than sketches like Figure 3. Even if the model by Silver,

Carlson, and Olson proves to be of ephemeral value, it will have

contributed to the active iteration of theory, observation, and

experiment upon which a healthy science depends; all such

observations and experiments will inevitably be highly relevant to

the future, more-durable models that emerge from this iterative

process.

187Rhenium- 18 "'

'Osmium; Seismic Anisotropy

One of a select few major developments in earth science during

this century has been the development of isotopic chemical techniques

and their application to geochronology and geochemical tracing of

the internal dynamics of the Earth. During the past forty years,

DTM geochemists have made a number of pioneering contributions

to this development.

At present a new technique promising to be of at least comparable

importance to the earlier DTM contributions is being pursued by
staff members Louis Brown, Steven Shirey, and Richard Carlson.

Their current effort builds on work started at the National Bureau
of Standards by Richard Walker, now a research associate at DTM.
Their objective is the development and construction of a new type

of mass spectrometer, one especially suitable for study of the 187Re-
1870s isotopic parent-daughter pair and the simultaneous application

of these measurements to fundamental problems of earth science.

Rhenium and osmium differ from other systems used in isotope

geochemistry, such as 87Rb-87Sr, 147Sm- 143Nd, and the decay of

uranium and thorium isotopes into those of lead. For Re and Os,

the parent and daughter elements share the geochemical property
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of being "siderophile"—i.e., unlike the other isotopic pairs that are

most chemically stable in silicate minerals, these elements are

preferentially incorporated into metallic iron and its alloys, such as

the Earth's core. This property alone confers on Re and Os the

potential for studying geochemical fractionations that cannot be

approached by other methods. In addition, Re has another very

important property: In the absence of metallic iron (the usual

condition in the Earth's crust and mantle), Re is enriched several

hundred-fold relative to Os in the melting process responsible for

the production of crustal rocks from mantle rocks. Therefore the

Re-Os system has the property of being an extremely sensitive

tracer of geochemical differentiation that produced crustal rocks in

the past.

Considering these unique geochemical properties, it may seem
surprising that, until recently, geochemists have not made much
use of 187Re- 1870s as a geochemical tracer. The fundamental reason

for this is the combination of the very low (10
~ 9

g/g) concentrations

of these elements in rocks, and the high ionization potential of

these elements, which precludes the use of conventional thermal

ionization techniques in the mass spectrometer. A limited number
of Re-Os measurements have been made in recent years by chemical

separation of Re from Os, and then measuring the isotopic

composition by sputtering in an ion microprobe. Although this

instrument has considerable usefulness, many of its more interesting

applications are limited by serious problems of interference by
other ions of very similar mass.

These interference problems are circumvented by an ionization

technique which uses a tuned laser to selectively ionize atomic

beams of rhenium and osmium at their characteristic atomic

wavelengths; the ion beam is then inserted into a more-or-less

conventional magnetic sector, mass spectrometer. An instrument

using this principle has been successfully constructed at the National

Bureau of Standards by Richard Walker and John D. Fassett.

The DTM geochemists have collaborated with Walker and

Fassett in obtaining the first
187Re- 1870s age determination of a

suite of ancient rocks—2730-million-year volcanic samples that had

already been very accurately dated by several uranium-lead

techniques. The validity of the 187Re- 1870s dating technique was
established by the internal consistency found among the measured

ages of this group of rocks. Comparison with the U-Pb ages then

permitted an accurate determination of the half-life of 187Re—43

billion years.

An important investigation making use of the properties of 187Re-
1870s as a geochemical tracer has been carried out by Walker,

Carlson, Shirey, and F. R. Boyd of the Geophysical Laboratory

during the past year. In this work, they have provided new
evidence that the upper mantle deep beneath the regions of ancient
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(>2800-million-year) continental crust, termed cratons, are of

similar age to the surface rocks, and that these "keels" under the

continents are long-lived features.

In the early days of the "plate tectonic revolution," principal

attention was given to the oceanic crust and mantle. This was
natural because it was in the ocean basins that most of the evidence

for plate tectonic phenomena had been found: the seismically active

spreading centers at the ridges, the magnetic stripes on the sea

floor that carry the record of the reversals in the Earth's magnetic

field as the ~100-km-thick oceanic plates migrate away from the

ridges, and the subduction zones, the surface manifestation of

which are the oceanic trenches. Below the moving plates of oceanic

lithosphere, a low-seismic-velocity layer was found, interpreted to

be an "asthenosphere" of weaker rocks in which seismic waves
were easily damped in amplitude. At that time, it was generally

assumed that continents are a relatively superficial feature, consisting

of a relatively thin (—35 km) crust riding on a lithospheric plate

otherwise similar to those found in the oceans, and bounded at

relatively shallow depths (100-200 km) by an asthenosphere similar

to that found in oceanic regions.

During the 1970's, however, it gradually became recognized that

the continents are not superficial, but are intrinsically different

from the oceans, and that the continental crust is underlain by a

thick continental lithospheric root, or keel, extending to depths as

great as 400 km. Evidence for this was supplied by seismic data

indicating the absence of a low-velocity asthenosphere under the

continents to depths of 200-400 km. The work of Sacks, James, and

Okada at DTM played a prominent role in the discovery of this

difference between continental and oceanic upper mantle. These
conclusions were supported by comparison of continental and

oceanic heat flow data.

Geochemical data supporting this interpretation was provided by
work of Boyd at the Geophysical Laboratory on diamond-bearing

mantle rocks originating at depths as great as 200 km. These rocks

have been brought to the surface by remarkable volcanic processes,

where explosive eruption of gas-rich material rapidly transports

solid fragments from these great depths. Boyd divided these rocks

into two kinds: rocks coming from depths of 150-180 km where
temperatures were relatively low (less than about 1200°C), and
rocks from greater depths where the temperatures were higher

(1200-1300°C). Characteristically, the low-temperature rocks were
depleted in the major elements that are abundant in basalt (such as

iron) and in the continental crust (such as calcium and aluminum).

This result supported the hypothesis that the continental crust was
generated by chemical extraction accompanying melting of these

presently depleted rocks. In contrast, many of the deeper, high-

temperature rocks are still "fertile," not having been as depleted by
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Fig. 4. As a result of the decay of the mass-187 isotope of the

element rhenium (Re) to the mass-187 isotope of osmium (Os), the

ratio of 1870s to
1860s will grow with time at a rate proportional

to the Re/Os of the material. For the Earth's mantle, the
i87Q

s
/i86Q

s nas increaseci from 0.805 at earth formation 4.56

billion years ago, to 1.06 today, as illustrated by the heavy line in

the figure. The measured Os isotopic composition of two

peridotite samples from the 86-million-year-old Jagersfontein

kimberlite are shown by the triangles; the squares represent data

for two peridotites from the 1100-million-year-old Premier

kimberlite. The lines emanating from these points show the rate

of change of 1870s/ 1860s in these samples based on their measured

Re/Os. The lines intersect the mantle evolution line between 2.2

and 2.7 billion years ago. The most likely explanation is that

these ages represent the time when the peridotite samples had

their Re/Os reduced by extraction of partial melt, which was
withdrawn to fuel surface volcanism. Partial melts of mantle

material have very high Re/Os which, after removal, leave in the

mantle a residue with low Re/Os, as may be represented by the

analyzed samples.

This example illustrates the potential usefulness in earth

science research of the Re-Os isotopic system being developed at

DTM and the National Bureau of Standards.

extraction of their basalt and crust-forming elements.

Boyd's data on the major elements that account for almost all the

material from which the crust and mantle are made are understand-

able in terms of this hypothesis. On the other hand, results of

measurements of the trace elements rubidium, strontium, lead,

neodymium, and samarium are puzzling. These elements are

preferentially concentrated into the crust during crust-formation,

yet their presumed sources, the low-temperature mantle rocks, are

not correspondingly depleted in these elements but actually appear

to be enriched relative to their average composition in the entire

Earth. Poorly understood "mantle metasomatism" has been proposed

to explain how these trace elements were injected along with
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C02-H2 fluids into the continental upper mantle after the extraction

of the crustal material.

The picture has been clarified considerably by the new Re-Os
data. Rhenium and osmium are not transported in the mantle by
the same fluids that carry the trace elements listed above. As
mentioned earlier, Re and Os are strongly fractionated from one

another during the melting processes whereby the crustal material

is extracted from the mantle. The chemical properties of osmium
cause it to be excluded from the crustal material, whereas rhenium
is concentrated into the crust. The result is that the Re/Os ratio in

the residual mantle is lowered. Such depletion, occurring in the

past, will cause the present-day measured 1870s/1860s ratio to be

lower than it would be had the radioactive parent of 1870s, 187Re,

not been extracted. By combining the measured 1870s/1860s ratio

with measurement of the present-day concentration of Re and Os in

these rocks, it is possible to estimate quantitatively the time that

has elapsed between the present and the time when crust formation

occurred. The result (Fig. 4) is from 2.2 to 2.7 billion years. This

range in ages for these continental keel samples approaches the age

of the overlying ancient crust, and therefore indicates that the Re/

Os depletion of the mantle and the formation of the crust occurred

at a similar, quite possibly the same, time in the distant past. Thus
187Re- 1870s dating of the depletion of the mantle supports the idea

that continental roots are indeed ancient features of the continents.

When a similar age calculation by use of the 147Sm~ 143Nd system
is made, an entirely different age of about 1 billion years is found.

As mentioned earlier, the fact that Nd and Sm are enriched rather

than depleted in the mantle rocks shows that a melting process is

not being dated, but rather that the measured age represents

the more recent metasomatic events that caused this anomalous

enrichment.

During the past year Silver, working with former postdoctoral

fellow Winston Chan (now at Teledyne-Geotech), has discovered

additional evidence supporting the view that continents not only

have keels, but that these keels are ancient features of the continents

and have moved coherently with the drifting continents for at least

the last 2.5 billion years.

In this work, evidence was obtained by using seismic techniques

to study the alignment of mineral grains in the upper 200 km of the

mantle beneath the 2.5-2.7-b.y.-old ancient craton that defines the

Canadian Shield. Some minerals, particularly the ubiquitous upper
mantle magnesium silicate, olivine, have the property of being

anisotropic: i.e., the velocity of seismic waves passing through the

crystal will vary according to their direction relative to the

crystallographic axes of the mineral grains. If a large number of

mineral grains are aligned in a coherent manner, seismic data can
reveal the existence and direction of this deep-seated alignment.
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In the present work, the anisotropy was detected by the

observation of "shear wave splitting," whereby a seismic wave
incident on an anisotropic crystal is split into two polarized waves
that travel at different velocities. This is analogous to "double

refraction" in optics, where optically anisotropic crystals are used

to polarize beams of light.

The seismic waves used in this study were produced by very

distant earthquakes, in the western Pacific and the Hindu Kush
regions. Some of the energy released by these earthquakes formed
rays that propagated as transverse, or shear, waves from their

sources to the core-mantle boundary, then penetrated a portion of

the core as compressional P waves, and were then refracted back

into the mantle and ultimately to the surface as shear waves,

where they were detected by seismic instruments. The resulting

seismograms indicate the degree and direction of anisotropy along

the ray path.

By detailed analysis of seismograms from two stations in Canada
and one in South Dakota, anisotropy in the upper mantle beneath

the Canadian Shield was identified. Although earlier evidence for

anisotropy in continental regions is not abundant, it had been

observed before. The unique and important aspect of this work,

however, is that it represents the discovery of a "fossil" anisotropy,

frozen into the continental lithosphere for more than 2.5 billion

years. The evidence for this is that the directions of the anisotropy

correlate with ancient geologic features of the Canadian Shield, but

not with the present distribution of crustal stress in this region.

It is sometimes said that seismology can tell us only about the

present state of the Earth, while only isotope geochemistry can

reveal the geodynamics of the past. There is much truth to this.

One must, however, welcome the evidence presented here that it is

not entirely true, and that the invaluable contribution of isotope

geochemistry can be complemented by seismology in unraveling the

evolution and deep deformation of continents back to their most
ancient surviving remnants, 3.8 billion years old.

Construction of a New Resonance Ionization

Mass Spectrometer at DTM

The success of the Walker-Fassett machine at the National

Bureau of Standards led to discussions among the DTM geochemists,

who decided that a spectrometer with similar or, if possible,

superior capability should be acquired. Two commercial instrument

makers are known to be using or planning to use the resonance

ionization method, but both will produce expensive machines and

neither has yet demonstrated an Re-Os capability; they aim instead

for more-general application. The way seemed open in early 1987 to

use the 9-inch magnet from an older mass spectrometer built at
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DTM in the construction of a laser mass spectrometer, one that

would be better suited to Re-Os (although not restricted entirely to

those two elements) than either of the commercial prototypes.

Further, the locally built instrument could be brought into operation

faster and would cost substantially less than commercial models. In

addition, the direct involvement of Department personnel in the

construction should yield better understanding in use of the new
instrument, of a type whose potentialities and limitations are new
to earth scientists. Construction has since proceeded to the point

where Re-Os measurements are expected very soon.

The DTM machine currently differs from that of the Bureau of

Standards in one respect, and a second modification is planned after

routine operation is achieved. Both of these improvements are

aimed at reducing the size of the sample required for an analysis

—

the most serious shortcoming of the present Walker-Fassett

machine. The first stage, which has passed all important tests,

allows the use of three electron-multiplier detectors simultaneously.

Multiple detectors eliminate the need for continually switching the

various isotope beams into a single detector with an attendant

waste of sample. This approach has been applied in recent years to

Faraday cup detectors but not (as far as we know) to electron

multipliers, owing to their large size. An electron multiplier has

been designed by Brown and Carlson that has all its parts to one

side of the beam. By placing an electrostatic accelerating lens after

the magnetic sector, the re-focused images of three beams are

separated laterally by 4 mm, their foci separated along the line of

flight by 25 mm. This allows three of the new detectors to be

arranged in echelon in a natural and mechanically convenient

manner. This electrostatic lens has brought improvement in image

quality rather than a feared degradation. Images are just as

sharp but the peak tops are much better than what is normally

encountered with electron multipliers. They are flat regardless of

the ion source focus settings. This characteristic, necessary for

precise isotope ratio measurements, results from the image's large

depth of field (a consequence of the lens) and from a symmetry
possessed by the new multiplier detector.

Resonance ionization, the key to the design of the Walker-

Fassett machine, is elementally selective and has a high degree of

ionization efficiency—but only for the brief period of the laser shot.

Furthermore, it requires neutral atoms in free space. The N.B.S.

machine uses a Ta filament to atomize the sample deposited on

it, which has been reduced to metallic form. Given the short duty

cycle of the laser (about 10
" 5

, if effects of the Maxwellian distribution

of the atoms are considered), thermal desorption is very wasteful of

sample, so Walker and Fassett use a very small filament for which
the heating current is pulsed in synchronism with the laser. This

improves sample efficiency by a factor of thirty.
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Once the triple detector is operational in the DTM machine, the

pulsed filament atom source will be replaced by a pulsed ion gun
that sputters the sample by use of a 5-keV Cs + beam. The
synchronism of the vaporization of the sample and the pulsing of

the laser will be much more accurate than that achievable with the

pulsed filament, which requires a significant time to heat and cool,

and should yield far more atoms for the ionizing laser. Greatly

enhanced sample use efficiency should result.

In addition to the planned application of this new type of mass
spectrometer to Re-Os investigations, it is not unreasonable to

guess that such mass spectrometric isotopic analyses on very small
samples of a new class of elements will lead to discoveries that
cannot be anticipated at present. As mentioned in the introduction
to this article, the invention of the Carnegie Image Tube similarly

led to new understanding of the distribution of mass in galaxies.

Observation of Environmental Effects in Galaxies

During the past year, Rubin and Ford at DTM, and their

collaborators Bradley Whitmore and Duncan Forbes at the Space

Telescope Science Institute, reported measurements of galactic

rotation in galaxies that occur in clusters rather than as isolated,

field galaxies. In some of this work the more sensitive CCD detectors

now available have replaced the Carnegie Image Tube, but the

basic approach to the determination of the mass distribution

remains the same. A comparison can be made to the revolution of

the planets about the Sun in our Solar System, where almost all of

the mass is concentrated in the center, in the Sun. It can easily

be shown by Newton's laws of motion that the velocities of the

planets in their orbital motions vary inversely with the square

roots of their distances from the Sun. Thus the mean orbital

velocity of Mercury is 47.9 km/sec, higher than that of the Earth

(29.8 km/sec), whereas that of Neptune is much lower (5.4 km/sec).

In a galaxy, the mass is not concentrated in the center but is

more spread out, so that the laws of motion predict that the orbital

velocity about the center of a galaxy will fall off differently than in

the Solar System. Still, it was expected that rotational velocity

would decrease with increasing distance in outer regions where
most of the galaxy's mass is inside the orbits of stars and gas. The
surprising result found in the earlier work by Rubin, Ford, and

their collaborators was that in spiral galaxies, even at the outermost

visible edge, this expected fall-off in velocity does not occur. The
measured orbital velocities, determined by the Doppler shifts in

their spectra, were found to remain constant with increasing

distance, and in some cases to continue to increase. This demonstrated

that a large fraction, even most, of the mass was located beyond
the visible galaxy, in the form of an invisible dark "halo."
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Fig. 5. Ratio of mass to red light (normalized to 1 at 0.5R 25 ) in

five galaxies vs. the distance from the center of the galaxy. The

curves are in order of increasing distance from the centers of the

clusters, those galaxies closest to the cores toward the top. The

MIL r curve is more nearly flat in galaxies closest to the centers,

where environmental effects are most likely to have stripped

away dark, halo matter. (From recent studies by Vera Rubin et

al. at DTM.)

Another important advance in galactic studies in recent years has

been the recognition that collisions and mergers between galaxies

are a common, rather than an unusual, occurrence. (Francois

Schweizer, of the DTM staff, has played a leading role in this

work.) A consequence is that one would expect galaxies in clusters

or compact groups to be especially vulnerable to such interactions.

A body of earlier work showed that there were a number of

statistically significant differences between galaxies in clusters and

isolated galaxies. But prior to the new work by Rubin et al.,

velocity measurements extending to the edge of the visible disk

were available for only a few cluster galaxies. The new work shows
that "environmental" effects do indeed affect the mass distribution

in galaxies. One would expect these effects to be most prominent in

those galaxies in the dense cores of clusters, and this is found to be

the case.

Within a given radius R from the galaxy's center, the ratio of the

total mass (determined by the velocity measurement) to the total

luminosity can be calculated. If the ratio of mass to luminosity

within a given radius remains constant with increasing radius, the

curves shown in Figure 5 would be horizontal lines. This is clearly
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not the case for the spiral galaxy shown, UGC 12417, which is most
distant from the center of the cluster. The ratio of mass to luminosity

continues to rise with increasing distance from the center of the

galaxy, implying that mass is increasing rapidly with radius but

luminosity is not. This galaxy contains a massive dark halo. For
galaxies nearer the center of their cluster, however, the mass-to-

light ratio increases less with radius. In the case of the galaxy

DC24, close to the cluster center, the M/Lr curve is flat, and the

galaxy does not have a dark halo.

It seems likely that the spirals in the cores of clusters have been
stripped of their halos by gravitational interactions with other

galaxies or disrupted by mergers.

The work described above, together with that of Schweizer and

other scientists, shows that, just as embryonic planets were
probably disrupted by collisions, and then formed again, the history

of galaxies is far from tranquil. All things in the universe appear to

be vulnerable to the chance that their steady-state processes will

be violently interrupted by events that, although infrequent,

nevertheless in the long run dominate their evolution. To some this

may seem disquieting, to others an antidote to boredom, a

rejuvenation bearing fresh opportunities. It doesn't actually matter

whether we like a universe of this kind or not. We haven't been

given any choice. We must welcome and treasure the opportunity

we have been given to participate in its understanding.
—George W. Wetherill

The Formation of Stars like the Sun

by John Graham

The origin of the Sun lies nearly five billion years in the past. A
single star of average mass, the Sun formed from a dusty molecular
cloud and at the same time accumulated a surrounding disk which
contained the basic material that eventually came together to form
our planetary system. Insufficient clues were left behind to tell us
clearly how this happened. To obtain a deeper understanding we
must look out into the Galaxy and study stars similar to the Sun
that are being formed at the present time.

The whole observational study of star formation received a new
impetus upon the introduction of new methods for detecting infrared

and millimeter-wave radiation from space. At the time that a star

begins to shine by means of its own generation of nuclear energy, it

is still deeply embedded within the core of its parent dust cloud

and is thus almost completely veiled from direct visual observation.

Given time, of the order of a million years, strong winds blowing
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away from the star will disperse this dust so that the star will

eventually become visible as a typical member of the billions of

stars in the Galaxy. Thus, until the development of these new
observing techniques, astronomers interested in star formation

were talking about a process they could not observe until long after

the event.

One remarkable and exciting aspect of studying very young stars

is that, unlike most stars and galaxies, their appearance can change

from one observation to another. Short-term variations can have

major effects on the star and its immediate surroundings. Some
young stars observable in visual light show striking night-to-night

variations in their apparent brightness, variations which seem best

explained by the presence of dense clouds of relatively large dust

particles which can dim the light from the star without causing an

observable color change. Even though researchers are aware that

they are dealing with stages spanning millions of years in a star's

life, they also know that on every night that they go to the telescope,

things may not be quite the same as last time. One consequence of

this is that, in order to obtain a correct understanding of these

objects, it is necessary to work with as large a sample and as many
observations as possible.

A group at DTM has been involved in several approaches for

investigating the formation of Sun-like stars. I have been interested

especially in the nearby molecular clouds where young stars are

found. By observing objects as nearby as possible, one also observes

at the highest achievable linear scales. At present, the nearby limit

corresponds to about 100-200 astronomical units. (1 A.U. is the

distance from the Earth to the Sun.) One area in the sky which

shows particular promise is the Gum nebula, a spectacular region

from several points of view. The nebula itself is a large cloud of

ionized gas, extending over about 30° in the sky through the

Southern constellations of Vela and Puppis. In many respects, it

resembles the Barnard loop nebula in Orion, though in the Gum
nebula there are no large molecular clouds like those in Orion

having masses of the order of 105 solar masses. It contains no

region like the Orion nebula cluster and its surroundings—a site of

current formation of massive stars of the type studied by Eric

Persson and Bel Campbell at Carnegie's Mount Wilson and Las

Campanas Observatories. However, there is plenty of evidence to

suggest that massive star formation did take place in the Gum
nebula in the past. It contains, for example, the very bright

supergiant stars £ Puppis and y Velorum, which burn nuclear fuel

so fast that they cannot survive more than a few million years.

There are about a dozen other slightly less massive stars in the

surroundings. The light from these massive stars alone can account

for the illumination of the Gum nebula. In addition, the Vela

supernova remnant threads through the central part of the broad
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diffuse nebula. Until this supernova exploded some 10,000 years

ago, it was one of the bright, intrinsically luminous stars in this

part of the sky.

There is a general consensus at present that low-mass star

formation cannot go on at the same time as high-mass star formation.

Newly born massive stars heat up the parent molecular cloud

sufficiently to prevent further formation of any nearby low-mass

stars. In a million years or so, the young massive stars are likely to

disperse almost the whole cloud, leaving only fragments. In the

Gum nebula, massive stars are no longer being formed, but in a

handful of its remnant molecular cloud cores observations now show
that it is still possible to form isolated low-mass stars similar to our

own Sun.

During the past year, I have used a new array of infrared

detectors to locate some of these low-mass embedded stars in the

Gum nebula. Data for four objects were obtained at Cerro Tololo

Inter-American Observatory at 1.2, 1.6, and 2.2 microns, and it is

possible to use these to determine positions of the embedded stars

and to carry out brightness measurements.

One of these is in the CG30 cloud, where a young stellar object is

observed alongside a known "Herbig-Haro object," HH120. Such
stars are so obscured by dust that they are not generally seen

at visible wavelengths, but they can sometimes be detected indirectly

as reflection nebulas, i.e., through visible light scattered by the

surrounding dust. A strong infrared source in the cloud was
previously known, and the new observations show unambiguously

that a new star is located at the position of the source. Some of the

results of imaging the CG30-HH120 cloud are shown in Figure 1.

At 1.2 microns only light scattered by the dust is seen. At 1.6

microns the embedded star is just beginning to register, while at

2.2 microns the star shines out brilliantly. However, what we are

seeing is not the surface of the star but dust which is being heated

very close to the star. Two other objects which show similar

characteristics are associated with distinct concentrations in another

small Gum nebular cloud listed as no. 109 in the catalog of Sandqvist.

By the time a new star begins to shine by its own nuclear energy

source, strong outflowing winds have developed which begin then

to disperse most of the remaining cloud and to modify what is left.

In ways not yet clear, masses of surrounding material—masses of

the order of that of the star itself—are thrust into outflows of

the sort observed by millimeter-wave astronomers. We detect

these stellar winds optically by using Herbig-Haro objects as

probes. The HH objects appear to consist of small knots of gas that

accidentally happen to be in the outflowing wind. The knots are

accelerated by the wind up to velocities of about 200-300 km/sec.

Interacting with either the wind or the surrounding cloud material,

the knots generate shocks which can be seen optically as small
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Fig. 1. Infrared images of the center of the CG30 cloud in the Gum nebula.

Located within this dusty cloud core is a newly formed star, which is still heavily

obscured. In visual light and in the infrared out to 1.2 microns only light scattered

by the enveloping dust is seen. At 1.6 microns the dust veil is thinning and the

star is beginning to appear, while in the last image, taken at 2.2 microns, the star

shines out brilliantly and can be identified without question.

emission regions. Because of their low mass (typically less than 100

earth masses), they are excellent probes of the physical conditions

around a young star. Winds around young stars are almost always
concentrated into highly collimated beams. This effect is thought to

be caused by the continuing presence of disk-like structures around

a young star which direct the outflow (which initially expands in all
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directions) along the path of least resistance, the short axis of the

disk. Often the wind carves out an ovoid or a cone in the remnant
cloud core. The edges of this structure can scatter light from the

embedded star to the outside world. More often than not, we see

only those HH objects that are approaching us. The receding ones

may be there but are hidden behind the disk-shaped, dusty

surroundings of the star.

A particularly striking example among the Gum nebula objects

deserves a more detailed description. This is the HH46/47 group

which is found at the edge of a globule, Sandqvist 111 (Fig. 2). The
globule is about 0.3 pc (60,000 A.U.) in diameter and is accompanied

by a very tightly collimated string of HH objects. This example is

unusual in that, because of the compactness of the cloud, HH
objects are seen moving away from us with almost equally high

velocities as those approaching us. The Infrared Astronomy Satellite

had earlier identified the source object as lying within an elongated

dust core about 6,000 A.U. wide in the densest part of the globule.

A mass similar to that of the Sun and a total luminosity twelve

times the Sun's was inferred. Here again, the Cerro Tololo infrared

array produced an impressive verification. Figure 3 shows some

Fig. 2. The dust globule Sandqvist 111. At the

northern end (top) of this small dense cloud, a

low-mass star has recently formed. It is still

hidden, but the presence of a strong stellar wind
is registered by the unusual chain of Herbig-

Haro objects (HH46/47) which are being swept
away from the star and out of the globule to the

northwest. This photograph was obtained with

a Carnegie Image Tube camera at the Yale 1-

meter telescope at Cerro Tololo Inter-American

Observatory.
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Fig. 3. Infrared images of the star in the Sandqvist 111 cloud. The star itself

registers only weakly at 1.2 microns where light scattered by the surrounding

dust still predominates. At 1.6 microns and especially at 2.2 microns, the star

shines through and is clearly identified.

1.2-, 1.6-, and 2.2-micron images obtained in November 1987.

Again, at 1.2 microns only scattered light is seen. At 1.6 microns

the source is beginning to shine through, and at 2.2 microns it is

the brightest object in the field. A longer exposure at 2.2 microns

shows the characteristic cone-like structure which persists right

into the position of the source. These images, along with the

observed high collimation of the HH objects, indicate that only one

central object is involved and that we can be fairly sure that we are

observing here the birth of a single stellar object rather than a

multiple system.

The scattered light around the HH46 star recently brightened.

The light variation could be caused by a brightening of the star

itself. However, the most recent observations suggest that a

redistribution of the light of the star by scattering is probably the

major cause. More dust appears to have accumulated temporarily

around the star, causing additional extinction at visible wavelengths

while scattering more light into the surroundings.

It has been possible to take advantage of the increased brightness

of the reflection nebula to obtain a spectrum in the visible region

which enables us to study, albeit indirectly, the still invisible star.

This new evidence shows that the star has very strong emission

lines of ionized calcium whose relative strengths are characteristic

of those observed in solar flares but which indicate a much higher

level of activity compared to that of the Sun. While the scattered

light component has brightened by a factor of 7-10, at 2 microns

the star itself has only brightened by about a factor of two. This
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increase probably comes from additional heating of circumstellar

dust close to the surface of the star rather than from any substantial

increase in the star's intrinsic luminosity.

Other areas of the sky are presently under study. Last year,

DTM postdoctoral fellow Mark Heyer and I investigated a nearby

group of molecular clouds in Lupus. Here we have the benefit of a

parallel study by F. Vrba at the U.S. Naval Observatory of the

polarization produced in the light of background stars by dust in

the clouds. These data can be used to map the magnetic fields

which are expected to affect the initial orientation of individual

contracting cloud cores before they go on to produce new, low-mass

stars. We now have identified a total of four young stars associated

with mass outflows in the area, one of which is shown in Figure 4.

We are presently making observations to fix the geometry of these

regions and thereby determine whether a correlation exists between

the initial magnetic field direction and the direction of wind outflow

from a young star. One of the objects is still heavily obscured, and
it can be located precisely in visible light only through the presence

of strong emission lines of ionized sulfur formed by the shocked

wind close to the surface of the star. The spectroscopic observations

Fig. 4. CoD -33°10685, a young star in the constellation Lupus. The star has

cleared away from its surroundings most of the dust cloud from which it formed,

and can easily be studied in visible light. It illuminates some residual dust to

the north (top). The photograph comes from a 3-hour exposure with the du Pont

2.5-meter telescope at Las Campanas.



Fig. 5. The infrared nebula in Chamaeleon. This photograph
was taken in red light with the Cerro Tololo 4-meter telescope. A
recently formed star is embedded in the cloud core close to the

bright "head" of the comet-like structure which is produced by
the illumination of nearby dust.

will also allow measurements of wind velocities and estimates of

their duration. We wish to determine, for example, whether

the stellar wind is strong enough to disrupt the whole cloud or

whether it can, at very least, provide turbulent energy for the

cloud's gravitational support over a long period. There are many
young stars in Lupus which have now cleared away their dusty

envelopes but are distinguishable by the strong emission lines in

their spectra. A curious and significant feature is the unusually

high percentage which appear as double-star systems. This condition

may be an indicator of the initial properties of the original molecular

cloud.

Another object of immediate interest is the so-called infrared

nebula in Chamaeleon. This nebula can be seen at visible wavelengths
(Fig. 5), but the embedded star is registered only in the infrared.

At 2 microns, the nebula shows a remarkable, double-cone-like

structure, indicating that the observations may be revealing the

later stages of disk formation, as modeled by Alan Boss. There is a
striking resemblance between the 2-micron image obtained with the

Cerro Tololo array and the density contours of the theoretical

model illustrated by Boss (Fig. 6). Unlike the HH46 star discussed

earlier, the embedded star does not appear to be active at the

present time. We have looked for Herbig-Haro emission along the

symmetry axis of the nebula and have obtained an integrated



Fig. 6. At left, a 2.2-micron image of the head of the Chamaeleon infrared

nebula. Light from the embedded young star is seen. The star provides information

about the material remaining after its formation by illuminating the surrounding

dust. At right, a computer-generated model by Alan Boss in his study of the later

stages of the evolution of collapsing, rotating interstellar clouds. A flat disk-like

structure is formed prior to the appearance of the star itself, evident here in the

dark, horizontal region. (Darkness of the contours increases with the density of

the dust cloud structures.) Note the remarkable correspondence between the

double-cone area of low density in the model and the faintly luminous regions seen

in the image.

spectrum of the light being reflected from the star. No emission

lines of hydrogen or ionized calcium are seen at all. Yet we have no

doubt that we are observing a very young star. This example

strengthens the suspicion that activity in the atmospheres of young
stars is a very time-dependent phenomenon.
The overall conclusion of this study to date is that we should

consider the newest generation of young stars in the Gum nebula to

be analogous to what the Sun may have been like in its earlier

stages. Several links are starting to emerge. Possibly because of

the small size of the parent clouds, the stars which are formed

seem to be mostly single. Three of four are accompanied by Herbig-

Haro objects which mark the presence of strong outflowing winds.

Within a million years or so, these winds will clear away most of

the dust and gas remaining in the surroundings. The cloud cores

are close to blue supergiant stars and to the remnants of a supernova.

Thus the Gum nebula may also be a good model for studying how
the environment of a newly formed star could be contaminated by
unusual nuclear species, of the sort which have left their mark in

the chondritic meteorites of our own Solar System, but which can

only have been generated in sufficient amounts during nucleosynthesis

within other nearby massive stars.
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Data obtained by astronomer Arlin P. S. Crotts (McDonald Observatory) on the

Swope 1-meter telescope at Las Campanas, by which Crotts became the first to

identify optical echoes caused by a supernova. The dark mask at the center of

each view occults the image of SN 1987A, except for residue leaking around the

edges. The two arcs of light centered on the supernova are reflections from clouds

of dust in the Large Magellanic Cloud sitting some 400 and 980 light years in front

of the supernova.

Left photo, from March 1988, the month of echo discovery; right photo, October

1988. The apparent motion of the light echo as it expands outward can be seen:

the inner echo has expanded from 32 to 44 arcseconds. Although the motion

appears to be much faster than light (an arcsecond corresponds to about 0.9 light

years at this distance), no material object is actually propagating at this rate

—

only the point where the expanding shell of photons from the explosion intersects

the clouds seen at the inner and outer arcs.

The evolution of the echoes is being monitored by Crotts and William Kunkel

(Las Campanas Observatory) to allow construction of three-dimensional maps of

the interstellar dust clouds and perhaps to allow "re-observation" of the light

emitted in the early, hottest hours of the explosion that were missed by

astronomers in February 1987. (Photos, courtesy of A. Crotts.)



The Director's Essay

The report year 1987-1988 marks the end of a tradition at the

Observatories. The Annual Report of the Director of the

Mount Wilson and Las Campanas Observatories for 1985-1986,

written by George W. Preston, will be the last as a separate

publication. Instead, an annual technical summary of the research

of the Observatories will appear along with reports from other

observatories worldwide in the Bulletin of the American Astro-

nomical Society. Less-technical descriptions of the work will

appear in the Carnegie Year Book.

In this Year Book, our contribution begins with an overview of

some of the year's work, written with Allan Sandage. Because of

space limitations, some deletions and editing were required, for

which I am responsible. This is followed by an essay by Wendy
Freedman on the use of Cepheids in determining distances to

nearby galaxies. Freedman's essay is based upon invited lectures

given to the American Astronomical Society and the Astronomical

Society of the Pacific in the spring of 1988. Finally, there is an

essay by myself on modern astronomical instrumentation.
—Ray J. Weymann

Research at the Observatories, 1987-1988: An Overview

The fascination of astronomy, for scientists and laypersons alike,

is that it deals with fundamental questions about the existence

and evolution of the objects of the universe, such as stars, galaxies,

the larger structures which they form, and, ultimately, ourselves.

At the same time, astronomy has an aesthetic beauty and an

accessibility which make many of its fundamental concepts

understandable to nonspecialists.

In his essay for this Year Book, George Wetherill of the

Department of Terrestrial Magnetism writes that the primary aim
of the pure research that geologists do is to "understand . . . the

Earth's initial state, and the physical, chemical, and biological

processes that have governed its evolution through its 4.5-billion-

151
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year history, leading to the planet on which we live today." Change
the words "geologists" to "astronomers," "Earth" and "planet" to

"universe," and "4.5-billion" to "15-billion," and we state the

ultimate aim of astronomy as well.

Astronomy has had a fundamental impact on the history of

thought and ideas, ever since the explanation of the mechanical
motion of the planets—starting with the observations of Tycho
Brahe. These observations, synthesized into three laws of motion
by Kepler, and "explained" with the postulation of forces by
Newton, completed the birth of analytical mechanics, begun by
Galileo. The impact of astronomy on mankind's "world view" has
continued and has accelerated, in large measure because of a

remarkable explosion in the power and breadth of the instruments
with which we now study the Universe.

In a famous parable, the British theoretical astronomer of the

early 20th century, Sir Arthur Eddington, asked his readers to

imagine living on a cloud-bedecked planet where the sky, and
therefore the astronomical universe, had never been seen. Eddington
went on to show how a sufficiently able physicist (Eddington
himself!) could nonetheless deduce the existence and properties of

luminous spheres of gas with masses in the range of 1032 to 1035

grams—i.e., stars. Such a theoretical physicist, Sir Arthur wrote,

would not be at all surprised when, one night, the clouds miraculously

blew away, permitting a view of the night sky in all its glory, full

of real, shining stars!

In retrospect, however, the true lesson of this parable is how
limited is the imagination of men—even men of the calibre of

Eddington. For Eddington and his fellow theoreticians—lacking the

wealth of information now accessible not only to optical astronomers,

but also to radio and x-ray astronomers—the conception of such

"everyday" ideas of today as the making of the chemical elements

in the interiors of stars or the existence of masers, pulsars, and

quasars, would have been impossible.

In reality, in the day-to-day practice of astronomy by professional

astronomers, theory, experiment, and observation proceed together

toward an ultimate aim of building a World View Synthesis. The
work often proceeds by a painstaking, patient building of a case,

more correctly, by solving small pieces of a larger picture, each

piece interesting in itself and worth the generally enormous effort

that is required to complete an investigation. So, too, in describing

the year's work of a group of individuals, each free to choose

research according to a personal vision, a balance must be struck

between the separate, individual successes in fashioning small

pieces of the larger puzzle, and a broader overview of how the

year's work leads to larger understanding.

This year's essay is organized around two principal themes:

(1) the progressive chemical enrichment with time of astronomical
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objects, and (2) the evolution of structure (and structures) in the

universe. A third theme around which much of the Observatories'

work could be described—the exploration of the contents of the

universe by means of large systematic surveys—is left for review

in a future Year Book.

Evolution of Heavy-Element Abundances in The Universe

In one of the central contributions to astronomy of this century,

Sir Fred Hoyle, then a visiting staff member of the Mount Wilson

and Palomar Observatories, in 1954 set out the cosmogonical

framework of how the chemical elements, made in the interiors of

certain types of stars, are spread via supernova explosions to

interstellar gas, out of which new stars are made. With each

recycling of gas through the stars, the abundance of the chemical

elements heavier than boron increases. If the picture is correct, we
must expect that the chemical composition of any astronomical body
will depend on how much recycling has taken place, or, in other

words, on how far the chemical evolution has progressed.

Stars in Our Galaxy. As late as the 1950's there was near-

universal belief that all stars in the Galaxy have the same abundances

of the chemical elements—a "universal chemical composition." This

belief came from the observed fact that the spectral sequence of

stars could be explained, to a very large degree, by variations in

the temperature and the surface gravity from star to star, but not

their chemical composition. Then a series of discoveries in the

1950's, foreshadowed to be sure by isolated results of peculiar

stellar spectra, seriously disturbed this picture. It was determined
that the chemical abundance of the heavy elements in the rare

high-velocity subdwarfs was deficient by a factor of about 100

relative to hydrogen. It was then soon found that the globular

clusters of our Galaxy showed the same underabundance, and that

these clusters are the oldest objects known in the Galaxy. The
Hoyle hypothesis has now become the Rosetta stone by which the

formation processes in many different kinds, of astronomical bodies,

from stars to galaxies, can be understood.

Much of the work of the Observatories centers on the measurement

of the chemical compositions of stars in various parts of our Galaxy

and in the nearer external galaxies. Noteworthy is the continuing

survey by staff members George Preston and Stephen Shectman

for stars of the lowest metallicity in the Galactic halo, presumably

formed in the very earliest stages of the Galaxy itself, before much
chemical evolution had occurred. A catalog of 4000 candidate, field

horizontal-branch stars, previously identified on Curtis Schmidt

objective prism plates, has been prepared. From this list, stars are

being observed with the Las Campanas telescopes for metal
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abundance, using photometric parameters such as the ultraviolet

excess, and for radial velocity, to obtain new data on the relation

between the orbital properties of the stars and their chemical

compositions.

The horizontal-branch stars, similar to those in globular clusters,

are in the helium-burning phase of their late evolution and are

excellent diagnostic objects for the "second-parameter problem"

—

i.e., that more than one parameter is required to explain the

variations in the character of the globular cluster horizontal branch

itself. It is widely believed that age is the second parameter, the

first being metallicity. If so, the Preston-Shectman study promises

to clarify the sequence of events in the very earliest phases of the

formation of the Galactic halo.

Following the initial discovery by Leonard Searle of gradients in

the chemical composition of the Galactic disk in the 1960's, it has

become increasingly evident that the Galactic center contains some
of the most metal rich stars known, some with metal abundances

ten times that of the Sun. Searle and staff associate Ian Thompson
have made significant progress in their study of stars in the

direction near the Galactic center in regions of moderately low

absorption. The object of the work is to determine the rate of

density fall off, the flattening of the isodensity contours, and the

dependence of these parameters on metallicity. CCD frames with

the 1-meter Swope telescope have been obtained for a grid of fields

with latitudes between - 8 to - 18 degrees within 20 degrees of the

Galactic center. The first results show a very well defined main
sequence on the color-magnitude diagram in the fields nearest the

direction of the center, with a width consistent with that expected

for a spherically symmetric population having a space density

falling as the cube of the galactocentric distance. This is the Hubble
law for the radial distribution of luminosity in the centers of E
galaxies, and in the bulges of spirals. That these metal-rich objects

behave in this manner shows similarity to the strong chemical

gradient near the centers of E galaxies, known before and now
being studied by staff members Todd Boroson and Thompson, as

discussed later in this section. Decreasing metallicity from the

center outward in galaxies in general, and in our Galaxy in particular,

appears to be the general rule.

The simplest and least controversial division of chemical regimes

within the Galaxy is between the young Galactic disk and the old,

extended halo. The halo stars are metal poor; the disk stars are

metal rich. But the situation in the transition zone between the

disk and the halo is less clear and is controversial. An excess of

stars over what would be expected from a simple two-zone model

with scale heights of, say, 150 and 4000 parsecs exists at heights

between 500 and 2000 parsecs. This excess has been called the

"thick disk" by its observers Gilmore, Reid, and Wyse, who set out
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the available kinematic and metallicity data, giving a Stromberg
rotation lag (the asymmetric drift) of 100 km/sec, and a mean
metallicity of about a third that of the Sun.

The existence of the thick disk became very evident in the

metallicity and kinematic survey of high-proper-motion stars that

Allan Sandage, Gary Fouts, and Charles Kowal completed last year

from their long-term study, primarily using the Mount Wilson 100-

inch Hooker reflector during 1960-1984. They obtained a mean lag

velocity of 30 km/sec, with the same metallicity depletion found

by Gilmore and Wyse. The principal new result was a progressive

increase of the Stromberg lag velocity as the metallicity is decreased

from solar to one-tenth solar, and a progressive increase in the

velocity component perpendicular to the Galactic plane with

decreasing metallicity. These phenomena suggest a continuous

process of disk formation during the collapse phase of the early

Galaxy, with dissipation to form a metallicity gradient toward the

plane. The question of whether the thick disk is a discrete structure

or is merely part of a larger structure with smoothly varying

parameters depends on an understanding of possible observational

selection biases present in the Sandage-Fouts data and analysis.

The age of the halo and the disks, both thick and thin, is clearly

important in disentangling the formation process. In the last five

years, substantial evidence has been obtained that in stars with

very low iron abundance, the abundance of oxygen is less depressed

than in stars with moderate heavy-element deficiencies. This

oxygen "enhancement" is understood to be a feature of element

production in explosive nucleosynthesis in stars of 25 solar masses
rather than in stars near one solar mass. These explosions must
have occurred at the very earliest times in the history of the

Galaxy.

. The consequence of this non-tracking of the oxygen production

with iron has a profound effect on the age dating of the earliest

metal-poor stars. Sandage has studied the effect on the age dating

of the halo globular cluster system, using evolutionary tracks in the

HR diagram calculated by VandenBerg and using an absolute

magnitude calibration of the RR Lyrae stars that depends on

metallicity. Sandage concludes that the halo globular clusters are

not more than 14 billion years old, compared with 18 billion years

obtained with no oxygen enhancement. The age of the old Galactic

thick disk, based upon the oldest known galactic cluster of NGC
6791 obtained by Kenneth Janes (Boston University) is at least 12.5

billion years. The near agreement of the age of the halo and of the

oldest stars in the thick disk argues for a rapid collapse of the

Galaxy in its formation phase.

Chemical Composition in Other Galaxies. Color gradients across

the disks of elliptical galaxies and in the bulges of spirals have been
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interpreted in the past as chemical gradients, caused by different

degrees of stellar recycling in different parts of a given galaxy. The
gradient of Mg II line strengths, in step with the color gradient,

supports this interpretation. A new, potentially powerful test of the

reality of metallicity gradients in E galaxies is in progress by Todd
Boroson and Ian Thompson. Last year they reported their discovery

of a color gradient in the Thuan-Gunn r — i color index in the

central regions of a number of E galaxies. The sense of the gradient

in r - i is opposite that in B - V, becoming redder with increasing

radius. Boroson and Thompson interpret this as decreasing strength

of the TiO molecular bands with increasing radius, caused by
decreasing metallicity outward. Recent data on giant stars near the

Galactic center by other investigators show such a variation of TiO
strength with metallicity for the high-metallicity stars.

To test this hypothesis directly, Boroson and Thompson have

begun direct spectroscopic observations using the long-slit capability

and the long-wavelength response of the new modular spectrograph

at the du Pont 2.5-meter reflector. Their calculations show that the

spectral contamination due to non-M-type stars at the wavelengths

of the TiO bands should not mask the directly observed effect.

The potential of this method for studying chemical gradients in the

integrated light of old stellar systems by direct spectroscopic means
is very great.

The efficiency of chemical recycling and enrichment with time

depends on the rate of star formation over all past times. In

galaxies where most of the mass is still in gas, or in parts of

galaxies where the ratio of mass in gas to mass in stars is high

(such as the outer regions of all spiral galaxies, including our own),

the metallicity is expected to be low, because the total amount of

nuclear processing has been low. Evidence has accumulated over

the past decade that the metallicity of both star-forming galaxies

and of old, gas-poor systems (the E and SO systems, including the

low-luminosity dE dwarfs) is strongly correlated with the absolute

luminosity of the parent galaxy. The first hint of this, three decades

ago, was the determination by Carnegie's Halton Arp of the low

metallicity of the stars in the Small Magellanic Cloud (SMC). This,

now confirmed many times over for both the SMC and the LMC,
has been shown by many astronomers to apply to most other

galaxies. A very clear experiment showing the low metallicity of

the Local Group dwarf IC 1613, whose absolute luminosity is only

MB = - 16.3 was completed in the report year by postdoctoral

fellow Kem Cook. Using intermediate-band photometry that

isolates the wavelength region of the TiO band heads and measures

intensity ratios on and off the bands, gives a measurement of the

strength of the TiO absorption at a given temperature of the star.

Cook's data show directly that the metallicity of this galaxy is

somewhat lower than that of the SMC, and therefore that the SMC
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is one of the lowest-metallicity, type I star-forming galaxies known.

The same conclusion was reached for the old star population in IC

1613 in an independent study by staff member Wendy Freedman,
based on her color-magnitude diagram of the AGB (second giant

branch) stars in that galaxy.

Several years ago, postdoctoral fellow Horace Smith and staff

member Leonard Searle began a study at Las Campanas of the

metallicities of star clusters of different ages in the Magellanic

Clouds. Their results, now widely known but not yet published in

detail, show that the age-metallicity relation of both the LMC and

the SMC differ fundamentally from the relation known in the solar

neighborhood of our Galaxy. Metal enrichment has proceeded

very slowly in the SMC and somewhat more rapidly in the LMC,
but both contrast with the very rapid rise in the solar neighborhood

during the first few billion years followed by sharp leveling off

during the last ten billion years. However, Douglas Geisler (Cerro

Tololo Inter-American Observatory) has recently shown that

outside the solar circle in our Galaxy, the shape of the age-metallicity

relation is similar to a mean of that for the SMC and LMC; the

result shows that the enrichment efficiency changes with the

Galactic position, explaining thereby the chemical gradient with

position in the Galactic disk.

New work to study in more detail the shape of the age-metallicity

relation has been started by postdoctoral fellow Mario Mateo
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together with former fellow Paul Hodge (University of Washington).

They have completed the analysis of 13 LMC clusters ranging in

age from 100 million years to 3 million years (i.e., from 1% to 0.03%

of the age of the LMC). Over this very small age range, they do

find a small chemical enrichment with time, but with an amplitude

of less than a factor of three. Large variations in abundance at a

given age are not observed, but their sample is confined to a small

part of the northern region of the LMC. The same problem is

independently being investigated by Kem Cook, in collaboration

with Ed Olszewski (University of Arizona). They are obtaining

deep color-magnitude diagrams and are measuring the metallicities

by Cook's TiO band strength method, described above. Calibration

of the method has been accomplished using the Swope telescope

by observing stars in globular clusters and in other fields of known
metallicity.

The metallicity gradients in M31 and M33 are particularly

interesting because of the high luminosity of M31 and the vigorous

current star formation rate in M33. Mateo and M. G. Lee (University

of Washington) have obtained intermediate-band photometry of

forty globular clusters that cover a wide range of luminosities and
radial distances in M31 and its companion galaxy NGC 205. Some
years ago Sidney VandenBergh, while a visiting staff member of

the Hale Observatories, found that the mean metallicity of the M31
globular clusters is higher than that of Galactic globular clusters.

This is consistent with the later evolutionary state of M31 compared
with our Galaxy (i.e., bigger bulge, earlier Hubble type), again as

interpreted by Hoyle's cosmogonic recycling hypothesis. The new
work by Mateo and Lee is designed to extend this work in search

of a radial gradient in M31.

In search of the same answer, Cook and Olszewski are conducting

an experiment on the Baade sheet stars in various fields at various

radial distances from the center of M31. Using the Palomar 4-

shooter at the Hale 5-meter reflector, intermediate-band CCD
frames are being obtained to measure the luminosity at the tip of

the giant branch in different localities of the M31 disk. From work
over the previous decades, it is known that the height of the

giant branch is a strong and unique function of metallicity, at fixed

age. The observations are expected to be completed in the fall of

1988, and answers to this central problem should soon follow.

The emergent picture is that there are differences in the metal-

to-hydrogen ratio of up to a factor of 100 between galaxies differing

in their luminosities by a factor of 1000. However, in the luminous

galaxies likely to be used to study the extragalactic distance

scale, the range in metallicity is smaller, perhaps less than a factor

of 10, although it is still appreciable. The question then arises as to

what effect such a metallicity range has on the luminosities of the

fundamental distance indicators, such as brightest stars and Cepheid

variables.
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The "brightest star" calibrations are being made by Sandage and

George Carlson in their study of the nearby resolved galaxies as a

function of the absolute magnitude of the parent galaxy. Hence, if

metallicity is a unique function of the parent galaxy luminosity, the

metallicity dependence of the stellar absolute magnitude is fully

accounted for, provided that the Cepheid distance is correct. The

question of the effect of variable metallicity on the zero-point of the

Cepheid P-L relation is addressed in the separate essay by Wendy
Freedman.

Metal Abundance as a Function of Time in the Space between

Galaxies. Quasars (QSOs) are very high luminosity objects in the

nuclei of galaxies, visible to distances far beyond the range of

detection of normal galaxies. The path to any given QSO intersects

absorbing gas in the line of sight, causing a forest of absorption

lines to occur in the spectrum of each high-redshift QSO, each

appearing at a given redshift smaller than the redshift of the

parent QSO redshift. In experiments designed to analyze the

nature of the intervening gas clouds that are causing the absorption,

the QSO acts only as a light source against which the absorption

lines can be "silhouetted." Because we look back in time as we look

out in space, and because larger redshifts mean larger distances,

we can study the metal abundance with cosmic time by analyzing

the abundances of clouds at different redshifts.

The observational problem is that the column densities of the

intervening clouds are generally so small that the absorption line

systems produced by the metal atoms are too weak to be observed

for any but the most abundant heavy elements. However, several

years ago, a team using the Lick Observatory Shane 3-meter

reflector, discovered a few QSOs, each of which had an enormously

strong absorption line. The investigators interpreted the line to be

the result of very high column density in Lyman a hydrogen,

giving rise to a damped, or broadened, absorption line caused by a

column density of > 2 x 1021 atoms/cm2
.

The most natural interpretation is that the intervening object is

the disk of a distant galaxy or protogalaxy in the line of sight to

the QSO. The column densities of about 1021 atoms/cm2 are high

enough so that the less abundant metal lines will be just strong

enough to be detected on spectra with a signal-to-noise large

enough to be measured with present equipment. Because the

redshifts of the damped Lyman a lines are so large, the light travel

time is a large fraction of the age of the present Universe. Hence,

if the metal abundance of the galaxy disk presumed to be causing

the hydrogen absorption can be determined, the metal enrichment

history in an early galactic disk could be measured!

During the report year, postdoctoral fellow Jill Bechtold and
visiting staff member Arthur Wolfe obtained high-resolution

spectra of two QSOs with damped Lyman a lines, using the new



160 CARNEGIE INSTITUTION

echelle spectrograph at the du Pont reflector (see p. 184). These

spectra have a velocity resolution of 19 km/sec—high enough for

the measurement of the metal abundance of quite weak lines.

Because one of the objects exhibits the narrow 21-cm radio absorption

line, betraying the redshift of the intervening gas cloud, it will be

straightforward to locate the velocity components associated with

the bulk of the neutral hydrogen. The data have already been

extracted from the spectrograms, the wavelength calibrations are

in progress, and the results of this crucial study are expected

within the year.

Formation and Evolution of Astronomical Structures

Our second major theme is also concerned with cosmogony

—

specifically, with the nature and origin of structure in the Universe

over a huge range of scales. This question has long been recognized

as one of the subtlest and most profound in cosmogony and
cosmology, since the origins of structure must certainly be sought

in the small fluctuations arising in the very earliest moments of the

expansion of the Universe. While current opinion remains divided

whether the large structures develop first, giving rise to ever

smaller ones (development from "the top down"), or the opposite

(from "the bottom up"), we begin our account with the smaller and
nearer objects, stars and star clusters.

The Formation of Stars. It is now well established that stars are

continuously forming in the Galaxy today. The seats of star

formation have been identified to be the regions of high-density

dust and gas, generally associated with CO giant molecular clouds.

In the 1940's Alfred Joy, long-time Carnegie astronomer, identified

a class of variable stars with emission-line spectra invariably found

in these dusty regions of the Galaxy. The eponymous member of

the class is the bright variable star T Tauri. These stars are now
generally recognized to be in the last stages of the formation

process, having broken out of the embedding cocoon of high-density

dust and gas, the parent material of the protostar.

Objects in the stage preceding the T Tauri phase could not be

observed until recently, because of the obscuring dust. Given the

increased sensitivity of infrared detectors, however, the pre-T

Tauri processes can now be studied. John Graham's essay (pp. 132—

140) discusses the success in near-to-intermediate infrared, direct

imaging that have revealed the protostar prior to its breaking out

of the embedding dust.

A concentrated program of study of these young stellar objects

(YSOs) has been in progress at the Observatories for several years.

The effort is led by staff astronomer Eric Persson. The program is

multifaceted, using direct imaging to find candidates for the YSO
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class, after which photometry and spectroscopy are used to study

the physical processes of radiation transfer in the regions of high

optical depth. From the spectroscopy, the velocity fields can be

mapped, often showing bipolar jets breaking out of the cocoon,

directed at large angles from what is believed to be an accretion

disk.

During the report year, Eric Persson, Bel Campbell (former

Carnegie fellow) and Keith Matthews (Caltech) completed their

survey to find more YSOs associated with the IRAS infrared

sources lying along the Galactic plane. A total of 115 new candidates

were found by searching the IRAS error boxes at 2.2-micron

wavelength. Near-infrared spectroscopy shows that more than half

of the sources have strong emission lines, characteristic of T Tauri-

like objects. Postdoctoral fellow Fred Hamann and Persson are

using high-resolution spectra, which they obtained with the new
modular spectrograph on the du Pont telescope and with the double

spectrograph at the Palomar 5-meter reflector, to study the

kinematics of the high-velocity molecular outflows of a number of

YSOs. Often the outflows are supersonic, and bipolar. The data

show that very dense, circumstellar disks of gas and dust appear to

be common products of the star-formation process. Disks around

the YSOs probably represent the final stage of protostellar accretion,

and, in the low-mass YSOs, are necessary precursors to the

formation of planetary systems like our own. The goal of the work,

which entails modeling as a complement to the observing program,

is to understand the frequency of occurrence of these disks, the

disk densities and temperatures, the role of accretion in heating the

disk, the geometry and dynamics of the disk and the wind system
near the developing star, and the physical relationships between
the star, disk, and wind.

A well documented case of a disk is that discovered at Las
Campanas several years ago by guest investigators Richard Terrile

(JPL) and Bradford Smith (University of Arizona). Surrounding the

nearby star Beta Pictoris, the disk is seen by direct imaging.

Terrile and Smith in June 1987 made new observations of the Beta
Pictoris disk, again with the du Pont 2.5-meter reflector, using a

special "stellar coronagraph" to image the faint material of the disk.

Polarization, photometric, and spectral reflectivity measurements
suggest that the disk is composed of dark grayish material, and

that the region close to the star is highly depleted of the disk

particles. The disk can be traced to a distance of 1150 astronomical

units from the central star. Terrile and Smith suggest that the disk

is the analog of the inner Oort cloud of comets believed to occupy

the region beyond the planets in the solar system. They state that

the particles in the Beta Pictoris disk have photometric properties

similar to the material in the nucleus of Comet Halley.

In a project of great potential significance, Caltech graduate
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student Deborah Padgett is obtaining spectra of T Tauri stars using

the du Pont echelle spectrograph. The purpose is to see if those

chemical elements known to become depleted in dense dust clouds

by selective adsorption on dust surfaces in regions of high hydrogen
density, are also depleted in the atmospheres of the T Tauri stars.

The study is expected to provide a sample of heavy element

abundances of YSOs in several star-forming regions, contributing

knowledge about chemical enrichment time scales and homogeneity

in the Galactic disk.

What processes cause the star formation process to take place

over regions of at least 500 parsecs? A particularly good example of

nearly coherent star formation is the very large association called

Constellation III in the LMC. Star formation in this area is being

studied by Ian Thompson in collaboration with Neil Reid and

Jeremy Mould (Caltech) using V- and /-band photographic plates

taken with the du Pont reflector, calibrated with CCD frames taken

with the Swope. The observations give some support to the

hypothesis of self-propagating star formation (contagion). Thompson,

Reid, and Mould have also shown that the star-formation process

must persist for at least 10 million years, some ten times longer

than the collapse time from the pre-stellar cloud. Andy most
significantly, they have found that the distribution of masses of

unevolved stars has a significant break at a mass which they

interpret as the mass associated with a bright, main-sequence

turnoff corresponding to the initial burst of star formation. The
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time since the occurrence of this burst can be estimated by
dynamical means. The age thus determined disagrees with some
age estimates based upon stellar interior theory and thus is a

potentially powerful tool in resolving uncertainties in models of

stellar interiors.

A final investigation of the star-formation process in different

environments is that of William Kunkel, resident administrator at

Las Campanas. In 1975, Kunkel discovered a component of young
stars about half-way between the SMC and the LMC, bridging

their projected separation. The stars are obviously young, and are

in a very low density region where star formation is not expected

to occur. The stars occur in loose associations. Kunkel has begun to

obtain data to age-date these associations and to correlate known
radial velocities of the associated HI neutral hydrogen gas. He
believes that the feature is tidal debris torn from the SMC about

200 million years ago. Once the difference in distance of each

identifiable velocity component becomes available, Kunkel believes,

it will be possible to reconstruct parts of the orbital characteristics

of the interaction that provoked the tidal disruption.

Formation and Evolutionary Processes in Star Clusters. Star

clusters are the proving grounds for many of the theories of how
stars change in size, luminosity, and chemical composition as they

age. Most stars in a given cluster have the same age, but because

they differ in mass, they go through their life cycles at different

rates. Hence, in a*given cluster we see stars in many different

evolutionary states. In addition, star clusters are laboratories in

which to study effects caused by gravity in star-star interactions.

Clusters provide ready-made problems of many-body dynamics.

A long-standing problem has been that of the "blue stragglers,"

discovered in 1952 in certain globular clusters. These stars are on

or near the main-sequence turn-off, but they reach magnitudes

as much as two magnitudes above the turn-off level. One attractive

explanation is that they are products of evolution from mass
transfer between the two members of a close binary pair. Evidence

for close (near-contact) binaries in globular clusters, however, has

been meager.

Four globular clusters are known to contain large numbers of

blue stragglers—M3, Omega Centauri, NGC 5053, and NGC 5466.

Observations earlier last year by a team from Yale (Gary Da Costa
and collaborators) found that three of the stragglers in Omega
Centauri were pulsating variable stars with periods of about 45

minutes. During the report year, Mario Mateo, James Nemec
(Caltech), and collaborators discovered the same phenomenon in the

clusters of NGC 5053 and NGC 5466. They also found two contact

binaries (of the W UMa class) in NGC 5466.

The importance of the discovery is that the absolute luminosities
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of the pulsators are known from the known distance of the cluster.

The temperatures are known from the measured colors, along

with the observed periods of pulsation. These three parameters

permit the mass to be calculated from the pulsation condition that

relates period and density. The individual masses of the pulsators

in all three clusters are all close to 1.2 solar masses, much larger

than the mass of stars at the main-sequence turn-off. This implies

that, in each case, the two stars of a close binary system have, by
tidal friction, reached contact in the past and have coalesced into a

single star more massive than either of the predecessors. Meanwhile,

the discovery of the contact binaries in NGC 5466 shows that

contact systems do, in fact, exist in globular clusters. The discoveries

of Da Costa et at. and now Mateo et al. almost certainly are

bringing to a close the uncertainty in the blue-straggler problem.

Another noteworthy advance in understanding star clusters

comes from the study of the LMC intermediate-age cluster NGC
1783, by staff member Jerome Kristian, Mould, Nemec, and
Jensen. Previous studies of the cluster had shown a very red giant

branch. The investigators, using the du Pont reflector, have

obtained a deep color-magnitude diagram to below the main-

sequence turn-off, obtaining an age of about one billion years

—

significantly younger than other rich clusters in the LMC. The
most important result is that spectra of the stars on the second

(AGB) giant branch, obtained with the 4-meter reflector at Cerro

Tololo, Chile, show systematic transformation of M stars to carbon

(C) stars upon moving up the AGB. The observations agree very

well with the theory of "third dredge-up," i.e., the bringing up by
convection from the deeper stellar layers of nuclear processed

material. These data are the best proof that carbon stars do, in

fact, come from M star parents very late in their evolutionary

life—clearly a very significant result.

Galaxy Formation and Evolution. The standard model for the

formation of galaxies has been, in recent years, that initial density

fluctuations very early in the history of the universe gradually

intensified, the overdense parts collapsing into galaxies. The
relation between the amount of matter which ultimately forms stars

and the amplitude of the density fluctuations themselves is thought

to be not simple but "biased," in that the galaxies, especially the

luminous ones, form only where the overdensity is especially high.

In this picture, dwarf galaxies should exist in the voids, i.e.,

regions where the population of giant galaxies is small. Said

another way, the galaxy luminosity function should vary depending

on the galaxy density in the region. The giant-to-dwarf ratio should

be higher in the sheets than in the voids.

Some years ago Sandage began observational programs to

determine the giant-to-dwarf ratio as a function of galaxy density in
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given regions of space. During the report year, two of these long-

range programs were completed. In a collaboration with Harry
Fergeson (Johns Hopkins University graduate student), the galaxy

luminosity function was obtained for the Fornax cluster using a

series of twenty large-scale 50-cm du Pont plates, obtained during

the 1983 observing season. A similar series of sixty such plates had

been analyzed earlier for the luminosity function of the Virgo

cluster covering ten magnitudes of intrinsic galaxy luminosity.

The Fornax cluster is less populous than Virgo by about a factor

of four, but the central galaxy density is higher by a factor of

two. Fergeson and Sandage found no difference in the giant-to-

dwarf ratio between the clusters, but the work does not in itself

test the "biased" formation picture in the much less dense field

regions, because the Fornax density is still too high.

In a second program, using high-information-content IllaJ plates

taken for the problem in the late 1970's in a strip of the sky at

declination + 30 degrees (a strip that cuts across the supergalactic

plane at nearly right angles), Bruno Binggeli (University of Basel)

and Massimo Terenghi (European Southern Observatory) have

made a catalog of low-surface-brightness dwarf candidates. Redshifts

determined at Arecibo, primarily by Hoffman (Cornell University),

show that most of the candidates are, in fact, low-luminosity

dwarfs. Analysis is complete, showing that the giant-to-dwarf ratio

does not decrease as the population density of giants becomes low,

but rather the opposite. Dwarfs are formed preferentially in the

neighborhood of giants, showing decisively, according to Binggeli,

that the notion that low-luminosity galaxies form preferentially in

regions of low density is incorrect. More work on the problem is in

progress, and the preliminary indications are again that the dwarfs

are formed with the giants rather than preferentially in the voids.

There has long been a belief that some elliptical galaxies of

intermediate-to-low mass can have their outer envelopes of stars

stripped away by tidal forces when in the near neighborhood of

giant companions. The classical example is M32, a companion of the

Andromeda galaxy, M31. Only a few other cases are known. In

their Virgo cluster catalog, Binggeli, Sandage, and Gustav Tammann
(University of Basel) set out a list of other candidates, but the

proof of stripping was not then known. A new test has been

devised to provide such a proof, based on the strength of the 4000-

A break in the spectra of elliptical galaxies, first studied by
investigators at Berkeley and most recently by Alan Dressier and
Stephen Shectman of the Observatories, and by Randy Kimble and
Davidsen of Johns Hopkins.

The 4000-A spectral break is caused by Fraunhofer spectral line

blanketing in cool stars, on which is superposed contaminating

continuum radiation from younger hot stars. It has been found that

the break strength is nearly the same for all giant E galaxies
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having nearly the same absolute magnitude. In an analysis of 950

galaxy spectra in the fields of twelve rich clusters over a 5-magnitude

interval in absolute magnitude, Dressier and Shectman find very
little variation in break strength in galaxies that have no ongoing

present star formation, whereas the break strength does vary as a

function of the intensity of recent star formation.

Kimble and Davidsen find that in E galaxies, break strength is a

slow function of absolute magnitude over the first four magnitudes
of the luminosity function, steepening once the low-luminosity

dwarfs fainter than - 18 absolute magnitude are reached. This

relation is equivalent to the well-known ultraviolet color-absolute

magnitude effect, but the 4000-A break is a much more sensitive

indicator. The cause of the relation is believed to be a variation of

the metal abundance with absolute magnitude due to varying

efficiency of recycling through the stars.

The test for stripping is to determine if the break strength of the

compact low-luminosity candidates is similar to that of the high-

luminosity isolated galaxies, indicating that the candidate was once

of high luminosity itself. However, if the break strength is like that

of intrinsically low luminosity, isolated galaxies, stripping would
not be indicated. Kimble and Davidsen obtained spectra at Las
Campanas of nineteen E galaxies listed in the Virgo cluster catalog

which are candidates for tidal stripping. All but two were found to

be cluster members on the basis of the radial velocities and all have
break strengths similar to much higher luminosity E galaxies.

Clearly, the candidates were once much more luminous and have
reached their present near-compact-dwarf state by stripping. As a

final test, Kimble and Davidsen note that 80% of the candidates are

in the close neighborhood of very luminous companions. The result

again bears out the concept that the harsh cluster environment

affects galaxy morphology. (See the description of the work by
Rubin et al., pp. 130-132, for a different manifestation of the effect

of cluster environment on the properties of galaxies.)

Formation of Clusters of Galaxies. Are clusters of galaxies

young structures, just in the process of forming, or did they

complete their formation at about the same time that pre-galactic

clouds collapsed to form the primordial galaxies? It was thought for

many years that clusters themselves are old; a few, such as the

Coma cluster, appeared, at superficial glance, to be spherically

symmetric, suggesting a dynamically relaxed condition which would

indicate formation by violent relaxation early on. However, during

the past several years it has become evident that clusters are

generally not spherically symmetric but show substructure, both in

their projected density distributions and in their velocity distributions.

Kinematic data for the Virgo cluster suggested to investigators at

the University of Hawaii some time ago that the Virgo cluster is
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just forming by infall of separate clouds of galaxies; this view was
confirmed in the Virgo cluster study completed last year by Binggeli,

Sandage, and Tammann using du Pont telescope plates (see p. 165).

During the present report year, Alan Dressier and Stephen

Shectman completed a major velocity study of galaxies in the fields

of fifteen rich clusters to look for kinematic substructure. Redshifts

of about a hundred members in each of these clusters were obtained.

These astronomers developed a new test for substructure which

incorporates both positional and kinematic information. Applying

this test, they report that about 35% of the sample shows clearly

distinguished subclusters, confirming the view that most clusters

have only recently formed or are still in the formation process, and

that very few are likely to be dynamically relaxed. The result

adds support to the hierarchical model for the formation of structure

in the Universe, where small-scale objects form first and then

clump. In the opposite, "top-down" extreme, large structures form

first, from which the small-scale objects, such as galaxies, form

later (the Zeldovich pancake model).

The same problem is being studied by Hernan Quintana (Catholic

University, Chile), who is using the du Pont telescope to obtain

velocities of Southern clusters. The data base is 600 galaxy spectra,

which now have been reduced and partially analyzed.

Formation and Evolution of the Universe. The simplest

cosmological models need only two numbers to specify the evolution

of the universe with time, these being the Hubble expansion rate

and the rate of deceleration of the expansion. Once known, these

two numbers will describe the space curvature and answer whether
the expansion will some day reverse or whether it will continue

forever.

The rate of the expansion, expressed as the Hubble constant H
,

is still being debated. Various groups defend values of H ranging

largely between 50 and 100 km/sec per megaparsec.

There is general agreement, however, that the discrepant results

are not primarily attributable to distance errors to very nearby

galaxies. Indeed, the local distance scale developed by Sandage and

Tammann in 1952-1975 is deemed correct to at least 15% (0.3 mag),

against the 1.5 magnitudes needed to explain the extreme values of

H . But if we eventually wish to obtain H to better than say 5%,
even this local scale must be improved. Toward this end, studies of

Cepheid variable stars as stepping-stones to the Virgo cluster

have been undertaken by Wendy Freedman and colleagues, by
Sandage and Carlson, and by postdoctoral fellow Kem Cook and
Garth Illingworth (University of California, Santa Cruz).

The far greater uncertainty lies in distances at and beyond the

Virgo cluster. A crucial point is the dispersion in absolute magnitude

of the Tully-Fisher relation, where rotational velocity is used as an
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indicator of absolute magnitude and, hence, of distance. The
controversy is whether the dispersion is small (near 0.3 mag at a

given rotational velocity) or large (near 0.8 mag), as believed by
astronomers favoring H = 50. Ming-Sheng Han and Jeremy Mould
of Caltech, observing at Las Campanas, have obtained near-

infrared magnitudes of a sample of galaxies, and in their preliminary

analysis suggest that the dispersion is small. In contrast, Morton
Roberts (National Radio Astronomy Observatory), using existing

magnitudes of more-distant field galaxies, finds that the dispersion

is large. Meanwhile, Sandage has published calculations demonstrating

the effects on H of incorrect values of the dispersion, and showing
that if the dispersion is large, one may derive an apparent but

spurious result that H increases outward.

Work continues to detect deviations from smooth Hubble expansion

at significant distances. Alan Dressier continued his redshift

survey in the direction of Hydra-Centaurus to seek the overdensity

of galaxies, or "Great Attractor," postulated as the cause of a

large peculiar motion in that direction identified several years ago

{Year Book 85, pp. 56-57). Dressier has obtained 600 new spectra

with the du Pont telescope, which, together with redshifts of

another 300 galaxies known earlier, give a significant sample

centered on the streaming motion. His early tests of the data

confirm the general features of the earlier streaming model, which

requires an overdensity of several times 10 16 solar masses at a

velocity distance of 4000 km/sec.

Jeremy Mould and collaborators worked on the same problem but

used spiral galaxies and the Tully-Fisher relation. Mould's model
requires two mass concentrations, one in Virgo and the other

beyond Hydra-Centaurus, rather than at the latter, as in the model
of Dressier and his collaborators. The results of both investigations,

of course, depend on the reliability of the distance measurements
to the galaxies used.

Finally, the question of the deceleration parameter—the second

required number in cosmology—remains unanswered. The most
robust measurement is the time-scale test. If H is 50 km/sec per

megaparsec, then the age of the Universe (VH ) is 19.5 billion

years. This value may be compared with the age of the Universe

derived from the age of the Galaxy (obtained from its oldest

objects, the globular clusters) to which is added the gestation time

of the Galaxy. The recent age determination of the globulars (see p.

155) places the age of the Universe appreciably less than 19.5

billion years, thereby permitting substantial deceleration of the

expansion.

The present values are too crude to determine an accurate ratio

between these two time scales. A ratio of 2/3 is required by a flat

space-time, where the expansion will just come to rest "at infinity."

The recent reassessment of the globular ages, and use of a low
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value of the Hubble constant (H = 50) would allow the 2/3 ratio,

whereas previous estimates of the ages would not. A value of H as

high as 100 would involve serious time-scale discrepancies, however.

The Light Echo of Supernova 198 7

A

We close with an item that stands alone in its unique interest.

Echoes in the light from the explosion of the LMC supernova

1987A (discovered in February 1987 at Las Campanas by Ian

Shelton, Year Book 86, pp. 69-71), have been found by Arlin P.S.

Crotts, guest investigator from McDonald Observatory, working at

the Las Campanas Swope 1-meter telescope. The discovery of the

light echoes was made by Crotts on 3-8 March 1988, some fourteen

months after the explosion. These light echoes are the first to be

observed from a supernova, although the general phenomenon was
predicted by Zwicky. It is the same phenomenon seen in the

expanding reflection nebulae after the Nova Persei 1901 explosion

and interpreted then by Kapteyn as reflection from dust in the

neighborhood of the explosion. Crotts used a CCD coronagraph put

together from parts supplied both by Las Campanas and McDonald;

the coronagraph occults the brilliant direct light of the supernova

itself.

The echo permits "reobservation" of the light as it was when it

left the supernova, some months before the echo ring appeared

surrounding the explosion site. Indeed, spectra obtained of the echo

rings on March 8, 1988 by Ian Thompson with the du Pont 2.5-

meter reflector reveals that the light in the echo corresponds to

that of SN 1987A as seen eleven months prior to these observations.

A second set of coronagraphic data obtained by Kunkel on March
29, 1988 showed that the echoes are expanding in radius by
approximately the amount predicted by the theory, with an apparent

velocity of about 25 times the speed of light.

Cepheid Distances to Nearby Galaxies

by Wendy L. Freedman

It has long been known to astronomers that for a class of variable

stars known as Cepheids, the period of light variation is a direct

indicator of intrinsic luminosity. Then by comparing apparent

(measured) and intrinsic brightnesses (as predicted by their observed
periods), distances can be inferred for these stars. Because these

stars are bright enough to be found in nearby galaxies, they
provide a rare opportunity to determine distances to stellar systems
far outside of our own Milky Way. This in turn allows astronomers
to calibrate "secondary" distance indicators for the purpose of
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measuring distances to even more distant galaxies. In the last

several years, I have undertaken a long-term program to obtain

new CCD photometry for Cepheid variable stars in nearby galaxies.

Meanwhile in related programs, several colleagues and I are

searching for Cepheids in additional galaxies and are evaluating the

possible use of corrections for metallicity—a galaxy's abundance of

elements heavier than hydrogen and helium.

Our ultimate goal is to reach an improved estimate of the Hubble
constant, H —that coefficient relating velocity of recession to

celestial distance, a value conveying the size, age, and ultimate fate

of the Universe. A more immediate objective is to learn whether
the current factor-of-two discrepancy among astronomers in the

value ofH is primarily a result of the choice of distances to nearby
calibrating galaxies or perhaps a result of selection bias in the

secondary distance indicator samples.

An important aspect of our work is in introducing corrections for

interstellar absorption. Dust present in a Cepheid's parent galaxy

as well as in our own Galaxy scatters blue light more than red,

so that distances inferred from the Cepheids will vary from the

true value according to the wavelength used in measuring apparent

magnitude m.*

Introduction

Cepheids have served as reliable primary distance indicators

since Edwin Hubble in 1925 first showed conclusively that the

dwarf irregular galaxy, NGC 6822, was in fact a galaxy beyond our

own Milky Way. In work primarily by Hubble and by later Carnegie

investigators Walter Baade, Henrietta Swope, and Allan Sandage
(much of Sandage's work has been in collaboration with Gustav
Tammann of the University of Basel), Cepheids have been searched

out, found, and their periods measured in most of the late-type

spiral and irregular galaxies within a radius about three times that

of the Local Group.

My efforts to obtain new photometry for all galaxies in which

Cepheids have previously been determined exploit the many
advantages of CCDs. The use of a linear, panoramic detector allows

better methods of measurement and facilitates local sky subtraction.

Many Cepheids can be observed simultaneously. Further, observa-

*My colleagues in searching for new Southern Hemisphere Cepheids have

been Barry Madore (University of Toronto and Caltech), Jeremy Mould
(Caltech), John Graham (Carnegie Institution Department of Terrestrial

Magnetism), and Irwin Horowitz (graduate student, Caltech); in the metallicity

calibration work, Barry Madore and the late Marc Aaronson (University of

Arizona); in determining distance to the galaxy M33, Barry Madore and

Christine Wilson (graduate student, Caltech).
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tions can be undertaken at several wavelengths from the blue to

the red. The latter feature allows the absorption, or reddening, to

be estimated and an appropriate correction to be applied to the

apparent distance modulus, m - M.
There are now over a dozen galaxies in which Cepheids have

been discovered. In the Local Group, these include the Small and

Large Magellanic Clouds, M31, M33, IC 1613, NGC 6822, and

WLM (Wolf-Lundmark-Melotte). More-distant galaxies include

NGC 300, NGC 2403, Sextans A, Sextans B, M81, and M101.

Except for the Magellanic Clouds where extensive UBVRI
photoelectric photoelectric photometry is published, little color

information on extragalactic Cepheids has been available. My
program includes all galaxies with known Cepheids, excluding the

Magellanic Clouds. New BVRI CCD photometry is being obtained

for Cepheids in these galaxies using the Canada-France-Hawaii 3.6-

meter, the Palomar 5-meter, and the Kitt Peak 4-meter telescopes.

Much of this work is still in progress, though results for four

galaxies in the program, IC 1613, M33, NGC 2403, and M81 will be

discussed here.

Using Cepheids as Distance Indicators

Advantages. There are many reasons why Cepheid variable stars

have been used for over six decades and have emerged as the most
reliable primary distance indicator.

(1) Cepheids are intrinsically very bright (Mv from -7
to -2),

(2) Cepheids are relatively numerous,

(3) their characteristic light curves make them easy to

find and distinguish from other types of variables,

(4) they exhibit a narrow dispersion in the period-luminosity

and period-luminosity-color relations, and

(5) perhaps most importantly, the physics of their variability

is well understood to be a consequence of the pulsation of

their atmospheres.

Difficulties. There are several significant difficulties to be

considered in determining Cepheid distances.

(1) Cepheids are Population I objects—relatively young stars

which may still be closely associated with the gas and dust from
which they formed. In general, they will require correction for

absorption occurring within the parent galaxy. With multicolor

photometry, this difficulty can be addressed and the reddening

corrections applied. (Alternatively, in a method developed by
Madore and others, obtaining photometry at near-infrared

wavelengths largely circumvents the problem of reddening).

(2) The effects of metallicity on the calibration of the period-
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luminosity and the period-luminosity-color relations in Cepheids

have not been established empirically and have thus been largely

ignored in most studies. Allan Sandage has argued that the effects

of metallicity on the zero point of the period-luminosity relation are

unlikely to be very large, since the slope of the relation does not

vary from galaxy to galaxy. Various investigators have investigated

theoretically the problem, and their results generally support

Sandage's view. However, the zero point of the period-luminosity-

color relation has a significant sensitivity to metal abundance.

We have been investigating the effect of metallicity on the zero

points of the period-luminosity and period-luminosity-color

relations. We have been observing Cepheids at varying radial

distances in two nearby spiral galaxies, M33 and M31, which have

abundance gradients measured from HII region and supernova-

remnant analyses. The effort is under way at the Canada-France-

Hawaii telescope. Once an empirical calibration is established, then

a correction for metallicity, if necessary, can be applied to the

Cepheid distances.

(3) The fields in which the Cepheids are found are generally very

crowded, and photometry can be difficult. Fortunately, with the

advent of CCD detectors, many stellar photometry software

packages, specifically written to deal with very crowded fields,

have also become widely available. In our work, we have used the

program DAOPHOT.
The crowded nature of these fields also presents a practical limit

to accuracy in infrared-aperture photometry (where an aperture is

typically 5 arcsec). Even with the infrared arrays now becoming
available, the Cepheids are faint and the sky is very bright, so that

only measurements of very bright extragalactic Cepheids are

currently feasible, /-band CCD photometry at present offers the

best available compromise for simultaneously dealing with the

reddening problem, the faint magnitudes, and the image-crowding

problems.

(4) There are effects of mass loss, which at present are largely a

matter of conjecture.

(5) It is necessary to assume that for each galaxy, the Cepheid

instability strip is both uniformly filled and uniformly sampled, t

(6) Cepheids cross the instability strip several times during the

course of their evolution, and because of the ensuing mass differences

they will obey different period-luminosity-color relations on each

crossing. In practice, this difficulty may not be significant, since

tin the HR, or color-magnitude, diagram, Cepheids in the course of their

evolution occupy a well-defined region known as the "Cepheid instability

strip." In this region of the diagram, the temperatures of the atmospheres of

stars are in the range which results in pulsation and give rise to the Cepheid

phenomenon.



THE OBSERVATORIES 173

Cepheids are believed to spend an order of magnitude more time in

their second crossing than in any of the others.

As we have noted, detector and software improvements in the

last few years have made it possible to address many of these

difficulties and increase accuracy in Cepheid distance measurements.

It is notable that the first four difficulties named above are not

restricted to Cepheids alone but apply in varying degrees to all

other stellar distance indicators. Because Cepheids have been so

well studied, however, it is now possible to analyze and in some
cases calibrate the systematic effects discussed above.

CCD Photometry of Extragalactic Cepheids

It should be noted that all distances presented here are relative

with respect to the Large Magellanic Cloud (which is assumed to be

at a distance modulus of 18.5 mag).

The galaxy IC 1613 is one of the faintest members of the Local

Group, thereby providing a low-luminosity tie-in for some secondary

distance indicators. It is well-resolved, and it appears to have very

little either foreground or internal absorption. Historically, the

determination of distance to IC 1613 has been of interest because

the slope of its period-luminosity relation was found to be shallow

in comparison to the slopes of all other measured period-luminosity

relations, which among themselves showed very good agreement.

I have completed a new study of distance to IC 1613 using

new CCD Cepheid photometry obtained at the Canada-France-

Hawaii telescope. A reddening-corrected distance modulus of 24.3

was reached, from independent apparent distance moduli obtained

at BVRI wavelengths in comparison with published //-band

photometry. The slope of the period-luminosity relation from the

CCD data agrees well with that observed for other Local Group
galaxies, lending confidence in applying the Cepheid relation. A
plot of the apparent distance modulus as a function of inverse

wavelength is shown in Figure 1.

In the case of M33, a recalibration of the original Hubble
photometry and study of thirteen new Cepheids led Sandage to

derive an apparent blue distance modulus of 25.3 mag. From near-

infrared photometry, Barry Madore and collaborators in 1985

concluded that M33 was actually much closer, having a distance

modulus of 24.3 mag. In 1985, I presented a preliminary modulus
based on multicolor CCD data. Meanwhile, other investigators have
corrected the Hubble photometry using a CCD calibration; these

studies also found a smaller modulus, in agreement with the

infrared study of Madore's group. Jeremy Mould of Caltech in 1987

found a modulus of 24.7 mag based on single-epoch /-band Cepheid
photometry.
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galaxy M33. Plotted are Cepheid phase (the
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is evident by inspection.
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From observations over five years at BVRI wavelengths, my
colleagues and I have obtained results for several CCD fields

in M33. The data can now be phased so that CCD light curves and

mean magnitudes are available for several Cepheids. Light curves

at four wavelengths for one of Hubble's Cepheids in M33 are shown
in Figure 2. Although our study is not yet complete, our preliminary

result is a true distance modulus for M33 of 24.5 mag, with a mean
reddening value of Ay = 0.4. (This value at present is based on

average rather than phased magnitudes for most of the Cepheids).

In 1968, Tammann and Sandage reported the discovery of

seventeen Cepheids in NGC 2403, and they reached a distance

modulus of 27.56 mag for this galaxy. The discovery of Cepheids in

M81 proved to be more difficult, and until recently M81 and NGC
2403 were usually assumed to be members of the same group.

However, Sandage recently suggested that M81 is in fact much
more distant (distance modulus in the blue = 28.8 mag, distance

approximately six megaparsecs), a result which significantly affected

the calibration of red supergiant stars as distance indicators to

more-distant galaxies. Based on new CCD data for Cepheids in

these two galaxies, we conclude that M81 and NGC 2403 appear to

be at comparable distances—about three megaparsecs.

The Search for Cepheids in Other Galaxies. The number of

galaxies with Cepheid distance moduli for calibration purposes

remains small. To improve this situation, my colleagues and I are

now searching for Cepheids in more-distant galaxies. The South
Polar Group of galaxies in Sculptor is an ideal place for such a

search; three galaxies are present which are suitable for calibrating

the Tully-Fisher distance method (based on measurements of

rotational velocity and apparent magnitude)—NGC 247, NGC 7793,

and NGC 253. We recently reported preliminary results of this

survey, accomplished at the 4-meter telescope of the Cerro Tololo

Inter-American Observatory, Chile.

At Palomar, a large consortium of observers has been monitoring

M101 and NGC 4214 for variable stars over the past three observing

seasons. NGC 4214 is one of the two galaxies adopted by Sandage
and Tammann for calibrating Type I supernovae as distance

indicators. (The other galaxy is IC 4182.) Unfortunately, bad
weather has prevented much progress in this venture. In the

meantime, the distinction between various kinds of Type I supernovae

has become clear, and the utility of finding Cepheids in NGC 4214

(whose supernova is classed Type I pec) is diminished. It remains

important to obtain an independent Cepheid modulus for IC 4182,

which has a true Type la supernova. This year, our group added
M81 to our search program.
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Implications for the Hubble Constant

In working toward a value for the Hubble constant, one must
immediately choose a system for measuring distances to galaxies

beyond those having observable Cepheids—galaxies well beyond
the gravitational effects of the Local Group. The choice of a secondary

distance-indicating system is hardly clear-cut, and strong opinions,

both negative and positive, about every indicator have been
expressed. As in the primary Cepheid system, it is desirable to

have a well-observed, well-tested indicator, with a dispersion which

is both small and well understood. Further, a physical rather than

purely empirical understanding of the distance indicator is desirable.

Few of the available secondary indicators meet all these criteria

very well.

Potential secondary indicators suitable for calibration with

Cepheids include the following:

Type I supernovae

the Tully-Fisher relation

red supergiant stars

long-period variable stars

Dn-d relation (ratio of luminosity to velocity dispersion in

the central bulges of galaxies, a method being developed

by Carnegie's Alan Dressier and his collaborators)

HI I regions

globular clusters

Except perhaps in the infrared Tully-Fisher relation, the empirical

dispersion in the assumed standard-candle magnitude or in the

relation used for the distance estimates, are not yet well understood

or quantified. Supernovae, where the physical basis is understood,

hold promise as distance indicators; but the serendipitous nature of

supernova occurrences makes it difficult to test results by independent

checks in various galaxies. Furthermore, supernovae are most
easily observed in early-type galaxies (ellipticals and SO's) but are

most easily calibrated in late-type galaxies (spirals). Indeed, a very

serious problem in calibrating any of the methods is the small

number of galaxies where the distances are reliably known.

For the infrared Tully-Fisher relation, the present number of

available calibrator galaxies is only four: M33, M31, NGC 2403, and

M81. Using as calibrators the Cepheid distance moduli given here

for these galaxies and an infrared Cepheid modulus for M31, I

analyzed the eleven galaxy clusters of Aaronson and colleagues

(1986) to reach a value for the Hubble constant of 91 km/sec/Mpc.

Meanwhile, for calibrating Dressler's bulge Dn-d method, only M31
and M81 are available. Using these two calibrating galaxies with

Dressler's method, a value of H = 67 km/sec/Mpc is obtained.

Given that the dispersion in the infrared Tully-Fisher relation is
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empirically established to be 0.45-0.5 mag, about twenty calibrating

galaxies would be required to obtain distances to an accuracy of 0.

1

mag, or 5%. Since other errors are certainly present, this would

appear to be the minimum acceptable number of calibrators needed

to improve significantly the accuracy of the present calibration.

Dressler's D n-v method has only been applied to two clusters to

date, and thus the dispersion is not as well determined nor the

method as well investigated as in the infrared Tully-Fisher method.

Questions of morphological type or environmental effects, still

controversial matters for the infrared Tully-Fisher method, have

not been addressed at all for Dressler's relation.

It is also interesting to note that by adopting distances to the

calibrating galaxies that are higher than those given here (for

example, those used by Sandage and Tammann), one reaches a

value of 70 km/sec/Mpc for the infrared Tully-Fisher cluster galaxies

discussed above. In other words, the discrepancy among the

commonly proposed values ofH , which range from 50 to 100, is

not resolved by a different choice of distances to the calibrating

galaxies. The remaining difference lies both in the choice and in the

treatment of the secondary distance indicator samples.

Conclusions

The availability of CCD detectors and their Cepheid distance

measurement allows the determination of accurate, new distances,

corrected for the effects of obscuration, for all galaxies having

known Cepheids. Several programs are now under way to increase

the number of such calibrating galaxies toward determination of the

Hubble constant. The numbers of galaxies having Cepheids
discoverable from the ground is small, however, and the Hubble
Space Telescope will be required to continue the effort. A team of

twelve astronomers, of which I am a member, has recently submitted

a proposal for Space Telescope time to search for Cepheids in more-

distant galaxies.

A major source of error in applying the Cepheid zero point

calibration for H is the small number of available calibrating

galaxies and the consequently poor statistics. The zero point of the

Cepheid period-luminosity relation itself remains as a source of

uncertainty. Meanwhile, in applying the secondary distance

indicators, our present limited understanding of the scatter in the

various relations, coupled with the small number of calibrating

galaxies, contribute to the uncertainty with which the Hubble
constant can now be determined. $

tThis work was partially supported by NSF grant AST 87-13889.



178 CARNEGIE INSTITUTION

Tools of the Astronomer

by Ray Weymann

During a discussion at the May 6, 1988 Annual Meeting of the

Board of Trustees, former president Philip Abelson remarked that

in the physical sciences state-of-the-art instrumentation is critical in

maintaining an absolutely first-rate research program.
Nowhere is this observation truer than in the auxiliary instru-

mentation used by astronomers at the focus of a telescope. In this

review, I will describe some basic concepts concerning astronomical

instrumentation and then describe some recent, present, and
future endeavors at the Observatories involving astronomical

instrumentation.

Basic Concepts

Electromagnetic Radiation and Photons. The experiments in

electricity and magnetism of the great 18th and 19th century

physicists culminated with the theoretical formulation by James
Maxwell in 1873 of a set of equations ("Maxwell's equations") which

correctly predicted that electromagnetic waves should all propagate

at the same speed (in vacuum)—the "speed of light"—regardless of

whether the wavelengths of the waves actually were those of

visible light (about 1/10,000 of an inch) or were as long as those we
now associate with AM radio waves (several tenths of a mile).

At the end of the 19th and beginning of the 20th century it

became evident that Maxwell's theory did not adequately describe

some critical aspects of electromagnetic radiation—especially its

emission and absorption. It appeared that light was emitted in

discrete packets of energy, or "photons," whose energy was
proportional to the frequency of the radiation interpreted as

a wave. This mysterious "wave-particle duality" was found to be

exhibited by material particles as well (e.g., electrons), and in the

1920's a consistent physical theory for these phenomena appeared

in the form of the quantum theory.

As to whether light is really a series of waves or a stream of

photons, the only answer is that the actual phenomenon is more
complex than either of these two terms suggest, and whether the

wave or particle nature of light is manifested depends upon the

particular experiment used to measure the light. As it happens,

both the wave and particle natures of light play crucial roles in

astronomical instruments.
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The Electromagnetic Spectrum. Because nature endowed us with

eyes sensitive to electromagnetic waves about 0.5 microns in length

(1 micron = 1 millionth of a meter), astronomy historically developed

around that portion of the electromagnetic spectrum which we refer

to as visible light. Wavelengths shorter than 0.3 microns are

absorbed by the Earth's atmosphere, and we therefore rely on

satellites for study of this ultraviolet radiation. The eye loses

sensitivity to radiation much longer than about 0.7 microns, but the

skin detects this infrared radiation as heat. As the wavelength

increases, water-vapor absorption becomes more of a problem.

Moreover, the techniques required for study of the far infrared at

wavelengths longer than about 2.5 microns change. For this

review, we therefore restrict attention to the region from about 0.3

microns to 2.5 microns—the range in which Carnegie astronomers

carry out most of their research.

Measures of Detector Performance

Quantum Efficiency. At the heart of every auxiliary instrument

placed at the focus of the telescope is the device which detects and
measures the radiation—the "detector." The initial detector was of

course the human eye. Toward the end of the last century,

photographic plates entered astronomical research, and they were
the mainstay of observational astronomy until about the 1950's,

when photoelectric cells, and later their descendants—image
tubes—came into widespread use. While still in use for some
important applications, photographic plates suffer from being

relatively insensitive: in effect, only 1-2% of the photons striking

the plate are counted. The term "quantum efficiency" is used as a

measure of the fraction of the incident photons actually recorded by
the detector. Photoelectric cells and their descendants, image
tubes, have quantum efficiencies of about 10-15%. The new silicon

solid-state detectors described below, CCDs, have quantum
efficiencies which can be as high as 80%.

Resolution Elements, Pixel Sizes, and Numbers of Pixels. As
described below, modern astronomical instruments are of two
fundamental types: imagers (direct cameras) and spectrographs.

The former collect two-dimensional data (i.e., brightness as a

function of position on a small patch of sky), and the latter collect

data as a function of the wavelength of the light from a source of

radiation. In either case the degree of resolution of the data will be
limited by the instrument. Radiation at two sharply defined but

closely spaced wavelengths will be observed as a single broadened
distribution of wavelengths if observed with a spectrograph of

insufficient resolution. The resolution of the instrument is basically
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the minimum wavelength separation required for the two spikes

of radiation to be detected as double. Every spectrograph has an

effective minimum and maximum wavelength over which it is

useful, and one can imagine this wavelength region divided into a

large number of regions each having a width equal to the resolution

of the spectrograph: the total number of such regions is then the

number of resolution elements of the device.

The modern detector of choice for work in the visible part of the

spectrum, the CCD (charge-coupled device) consists of a large

number of discrete photodiodes, each of which records the number
of photons incident on it. These discrete photodiodes are called

picture elements, or pixels. The Fourier transform sampling

theorem (and common sense) states that for most applications one

would like about three pixels per resolution element. For either

spectrographs or cameras, therefore, one would like (other things

being equal) the detector to have a large number of pixels, since

this will enable one to cover a large wavelength range in the case

of the spectrograph, or, in the case of the imager, a large field of

view of the sky.

Detector Noise and Readout Noise. We build big telescopes in

order to have a large collecting area. Some of the objects of

greatest interest are exceedingly faint, and in order for our

measurements to have a minimum accuracy, a minimum number of

photons is required. By the same token, to achieve a very high

level of accuracy to study, for example, weak but important

spectral features from a bright source, one needs a very large

number of photons. This can be quantified in terms of the signal-to-

noise ratio of a given observation. A fundamental law of statistics

requires that if N photons are collected in making a measurement,
then the relative accuracy of that measurement increases as the

square root of N. Thus, a 10% uncertainty is associated with a

measurement in which 100 photons were obtained. To increase the

accuracy so that only a 1% error is involved, we need not 1000

photons but 10,000 photons. This simple law becomes more complex

when extraneous photons are present, since these contribute to the

noise but not the signal. Extraneous photons arise from light from

the night sky (rendering measurements of faint sources especially

difficult on bright moonlit nights), but they also arise from two
sources within the detector itself.

(1) All modern detectors detect incoming photons by (in effect)

converting them to electrons and then measuring the resulting

charge electronically. However, at any finite temperature, "thermal

electrons" will be produced in the detector; these are indistinguish-

able from the photo-electrons and thus contribute to the noise. In

CCDs, such thermal noise can be reduced to a negligible level by
cooling the detector to the temperature of liquid nitrogen.
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(2) In the process of converting the tiny amount of electric

charge accumulated in each pixel during the exposure to a measurable

electric current, noise is introduced in the amplification of the

signal. This readout noise from CCDs is currently the main limiting

factor in setting the signal-to-noise ratio of measurements involving

a small number of photons, though very impressive gains are being

made in reducing it.

One final point about detector noise in general is worth making.

There are often debates within the astronomical community about

the importance of building large telescopes. One school of thought

(to which I do not belong) argues that it is better to build a moderate

number of moderate-sized telescopes rather than a small number
of large telescopes, since one can, in principle, obtain the same
signal-to-noise ratio by observing an object for twenty hours on a 4-

meter telescope as by observing for five hours on an 8-meter

telescope. This argument is no longer true if detector noise is a

significant contributor, since it will make a larger relative contribution

to the noise on the smaller telescope.

CCDs and Solid-State Infrared Detectors. The foregoing has

made clear the importance of CCDs to astronomers, so that it is

appropriate to give an additional brief description of them. However,

since an excellent popular article on CCDs was published by our

staff member Jerome Kristian along with a colleague, Morley

Blouke, in Scientific American (October 1982), I shall be brief.

A CCD consists of a piece of specially fabricated silicon which,

for the appropriate thickness and construction has a high quantum
efficiency for photons from the atmospheric cutoff near 0.3 microns

to about 1.0 micron. A rectangular grid divides the silicon chip into

pixels (typically 15-30 microns on a side). The grids form electrostatic

barriers so that normally all the electronic charge liberated by the

absorbed photons (here the quantum description of light is of the

essence) in a given pixel doesn't spill over into adjacent pixels.

However, in order to measure how much charge has accumulated in

each pixel during a given exposure (typically a few minutes to an

hour in duration) it is necessary to "read out" the CCD. This is

done by applying voltages on the grids to raise and lower the

electrostatic potential controlling the spilling-over of the charge

from one pixel to the next. (A frequently used analogy is the

transferring of a ship through a canal via a series of locks in which

the water levels are changed.) At the bottom of the chip is a special

readout row of pixels into which the charges from the rows above

it are fed during "vertical shifts." The charges in the readout

row are then shifted horizontally and one by one fed into an

amplifier residing on the chip. The resulting amplified analog signal

is then digitized and stored in the memory of a computer. By
adding many exposures, an image of the portion of the sky incident
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on the CCD of very high signal-to-noise ratio may be built up in the

computer memory.
Because of its large number of pixels and pixel size, the most

sought after and eagerly awaited CCD among astronomers is under
development by the Tektronix Corporation of Oregon. That firm is

developing a CCD with an array of 2048 by 2048 pixels. Smaller

prototypes have demonstrated extremely low readout noise. Such
devices are of special importance to large telescope projects like

Magellan because their pixels are relatively large (27 microns on a

side), and it turns out that large telescopes require detectors which
have large pixels.

The ability of silicon to absorb photons efficiently decreases

rapidly for photons having wavelengths longer than about 1.0

micron. To cover the region of the near infrared from about 1.0 to

2.5 microns, we have ordered from the Rockwell Corporation a

detector utilizing mercury, cadmium, and tellurium (written Hg-Cd-
Te and pronounced "Merc-cad-tel"). The first such device will be a

128 x 128 array with 60-micron pixels, and will be an extremely

powerful device for infrared imaging, though its readout noise is

still too high to be useful for the lower light levels encountered in

spectroscopy. However, Rockwell is developing both quieter and
bigger detectors which will give us unprecedented power to do

infrared spectroscopy.

Computing Facilities in Astronomy. Although not strictly a part

of instrumentation, adequate computing facilities have become as

necessary an accessory to the telescope as the instruments

themselves. The data as taken in raw form are of essentially no use

to the astronomer because of the large number of fairly sophisticated,

necessary corrections for the "instrumental signature." This is

especially important where the astronomer is working "at the limit"

and where slight variations in the sensitivity of the detector could

mask interesting features. Typically, at least ten operations on each

two-dimensional frame of pixels is necessary to clean the raw data

of artifacts. For large numbers of pixels this requires a large

amount of computation time (for the Tektronix chip, about 40

million arithmetic operations will be required), and if several users

are vying for the same processor, the reduction time can become
exasperatingly long. This has led to stories—some apocryphal and

some not—about mountains of unreduced data in the possession of

certain astronomers. The large-format chips will also make it

necessary for astronomers to abandon traditional magnetic tapes

and switch to more-compact, large-capacity storage media, such as

optical disks.

The ideal computing facilities (which we eventually hope to

acquire) are those in which the instrumental signature is removed
in real time at the telescope, so that intelligent observing decisions
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can be made by the astronomer while the observations are in

progress. More-specialized analysis of the data can then be made at

the astronomer's home offices.

Instrumentation Projects at the Observatories

For the most part, the recent and current instrumental develop-

ments at the Observatories involve either direct cameras for

recording images of stars and galaxies, or spectrographs. We now
have two 800 x 800 Texas Instruments CCD detectors operating.

These were constructed by staff associate Ian Thompson. They can

be used as direct cameras, almost always in conjunction with filters

to limit the exposure to a definite wavelength interval.

CCD detectors are also used at the focus of the modular
spectrograph constructed recently under the supervision of staff

member Paul Schechter. This device uses all-transmission optics for

the camera and collimating lenses, and gives us for the first time

excellent sensitivity in the red region of the spectrum because

of the high red quantum efficiency of the CCDs. The dispersing

element is normally a diffraction grating (for which the wave
manifestation of light is paramount), but one can conveniently

substitute a plane mirror and thus quickly convert the spectrograph

to an imager. The normal spectrographs mode actually also functions

as a one-dimensional imager, since spatial variations in the source

brightness along a direction in the sky parallel to the spectrograph
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slit are recorded at each wavelength. Thus, for example, variations

in the rotational velocity along the major axis of a galaxy can be

studied.

One of the present principal limitations of the modular spectrograph

is that the use of off-the-shelf lenses prevents its use in the blue

and ultraviolet part of the spectrum. Designs for custom-made
lenses which will remove this limitation (and serve as prototypes

for the larger Magellan spectrographs) are in preparation.

For over a year, another spectrograph, also using all-transmission

optics, has been in operation. This echelle spectrograph was
constructed under the direction of staff member Stephen Shectman.

Its heart is a diffraction grating of a type known as an echelle

grating because of its step-like appearance. The basic idea behind a

diffraction grating involves the constructive interference of diffracted

radiation coming from a large number of regularly spaced grooves

ruled on the grating surface. If along a certain direction there is an

integer number of wavelengths of light of a given color, then in

that direction one obtains nearly monochromatic light. The integer

in question is called the "order" of the resulting spectrum.

Normally, the order is small, but echelle gratings are designed to

operate in "high" orders (e.g., 40-150). This gives rise to a

spectrograph of very high resolving power, but introduces the

following complication: The same direction which produces, say, a

beam of 0.7-micron radiation in, say, the 40th order will also yield a

beam of 0.35-micron radiation in the 80th order—and beams in all

other orders to which the instrument is sensitive as well. To
separate these overlapping orders, one must use a dispersing

device perpendicular to the echelle dispersion direction. In the

Shectman echelle spectrograph a prism is used, thus taking excellent

advantage of the large number of pixels available on modern two-

dimensional detectors. The echelle spectrograph has been used by
several astronomers, including postdoctoral fellow Jill Bechtold and

Shectman in studying absorption lines in the spectra of quasars

caused by intervening gas clouds.

Shectman is currently constructing equipment for use with

another existing spectrograph utilizing a different concept. Until a

few years ago, astronomers were constrained to obtain the spectra

of objects one at a time. Surveys requiring the spectra of a very

large number of objects thus involved a tedious and time-consuming

observing program. Astronomers thereupon realized that one could

by multiplexing obtain spectra of several objects simultaneously

using the same detector and spectrograph. Two ways have been

developed to do this. In one case a mask is prepared with holes

drilled in precisely the right positions to allow the images of

predetermined stars or galaxies to fall through them. (The mask is

necessary to eliminate the background light from the night sky.)

This technique is limited to a fairly small patch of sky. In the



THE OBSERVATORIES 185

second case, one uses fiber optics
—

"light pipes," now finding wide

use in the communications industry and in medical technology—to

steer the light to the slit of the spectrograph from a fairly large

field of the sky. The unusually large field of view of the du Pont

telescope makes this technique especially attractive. Shectman is

developing a "fiber-optics, multiple-object spectrograph," which in

its final version will use automatic fiber positioners of a design

patterned on ones developed for a similar device at the Anglo-

Australian telescope.

Staff member Eric Persson and research associate Steve West
have designed an infrared camera utilizing one of the Rockwell

chips described above. This instrument is now under construction

in the shops. One of its interesting design features is the allowance

for the insertion of a mask to blot out the image of a bright star

—

the "coronagraph mode." This will eliminate much of the glare from

a bright star and enable the study of very faint, surrounding

features arising from gas and dust left over from the star's birth,

for example, or possibly in the process of forming a new planetary

system.

Future Opportunities and Challenges

In addition to the developments in instrumentation at Las
Campanas just described, there are many other exciting future

opportunities. A few of us are interested in the possibility of

dramatic improvements in the spatial resolution of images obtained

from large ground-based telescopes using so-called adaptive optics,

or "rubber mirrors," which will compensate to some extent for

distortions in an image caused by turbulence in the Earth's

atmosphere. One novel suggestion involves the creation of an

artificial star (by laser light scattered off the Earth's atmosphere),

which would be used to sense these distortions.

And finally, looming ahead comes the challenge of providing the

instrumentation needed to realize the full potential of the Magellan

telescope. Modern astronomical history provides many examples

of telescopes pushed to completion whose potential was not realized

for many years because of inadequate initial instruments. Because
of the large aperature of the Magellan telescope, its instrumentation

will be costly and sophisticated. It will also require imagination,

dedication, and lots of hard work on the part of the Carnegie staff

and their Magellan partners.
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Moore, R. L., G. D. Schmidt, and S. C. West,

The hiss of BL Lacertae, Astrophys. J. 3U,
176-186, 1987.

West, S. C. , G. Berriman, and G. D. Schmidt,

The discovery of near-infrared polarized cy-

clotron emission in the intermediate polar BG
Canis Minoris, Astrophys. J. (Lett.) 322, L35-
L39, 1987.

West, S. C, The development of a near-

infrared polarimeter and its application to the

continuum polarization of magnetic white dwarf
stars, Ph.D. thesis, University of Arizona, 1987.
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1988

Ray J.Weymann
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STScI Conference on QSO Absorption Lines,

C. Blades, C. Norman, D. T. Turnshek, eds.,

1987.
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5200 like broad absorption line profiles, Astro-

phys J. 325, No. 2, 651-670, 1988.
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Anderson, Some spectroscopic properties of

mass-ejecting and radio-loud quasars, Pro-

ceedings of the Georgia State University Con-

ference on Active Galactic Nuclei, P. J. Wiita

and H. R. Miller, eds., Springer-Verlag, New
York, in press.
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R. J. Weymann, Pressure confined Lyman-
alpha clouds, Astrophys. J., in press.
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ated CIV absorption systems and broad ab-

sorption line systems in QSOs, Thirteenth Texas
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Ulmer, ed., p. 297, World Science, Singapore,

1987.



190 CARNEGIE INSTITUTION

Personnel

Research Staff

Horace W. Babcock, Director Emeritus
Todd Boroson
Alan Dressier

Wendy Freedman
W. Albert Hiltner

Jerome Kristian

S.Eric Persson

George W. Preston

Allan Sandage
Paul L. Schechter

Leonard Searle

Stephen A. Shectman
Ray J. Weymann, Director

Olin C. Wilson, Emeritus

Staff Associate

Ian B. Thompson

Adjunct Staff Members

W. Kent Ford, Department of Terrestrial Mag-
netism, CIW

John Graham, Department of Terrestrial Mag-
netism, CIW

Vera C. Rubin, Department of Terrestrial Mag-
netism, CIW

Francois Schweizer, Department of Terrestrial

Magnetism, CIW

Las Campanas Resident Scientists

Wojciech A. Krzeminski, Resident Scientist

William E. Kunkel, Resident Scientist/Admin-

istrator

Research Associates

Scott Anderson
John Caldwell 1

Frederick Hamann
Simon Morris

Steve West
Rogier Windhorst2

Postdoctoral Fellows

Jill Bechtold

Kem Cook
Mario Mateo
Abhijit Sana3

Supporting Staff, Pasadena

John M. Adkins, Assistant, Buildings and
Grounds

Noemi Aguilar, Assistant to the Director
Nicolette Breski, Purchasing Agent
Richard T. Black, Business Manager
David M. Carr, Electronics Technician
Ken D. Clardy, Data Systems Manager
Maynard Clark, Magellan Project Consultant

Sue Drescher, Editor4

Brian Elms, Machinist

Carroll L. Friswold, Head, Design Group
Joan Gantz, Librarian

John A. Jacobs, Electronics Technician

Basil A. Katem, Senior Research Assistant

Erich Koch, Electronics Engineer
Peter Moseley, Magellan Associate Project

Manager5

Tammy Ortega, Assistant Bookkeeper
Stephen Padilla, Photographer
Frank Perez, Technical Assistant to the Direc-

tor

Christopher M. Price, Electronics Engineer
Pilar Ramirez, Machine Shop Foreperson

Delores B. Sahlin, Receptionist

Victoria Smith, Editor6

Edward H. Snoddy, Designer

Kristin Theotokatos, Magellan Project Assis-

tant

Jeanne M. Todd, Bookkeeper
Estuardo Vasquez, Machinist

Alice Wilson, Janitor

Steven Wilson, Head, Buildings and Grounds

Supporting Staff Las Campanas

Hector J. Balbontin I., Chef
Angel Cortes F., Accountant

Jose 0. Cortes, Janitor

Oscar A. Duhalde, Night Assistant

Juan Godoy, Chef
Jaime A. Gomez, Accountant Assistant

Angel A. Guerra, Night Assistant

Bruno Guerrero, Electronics Technician

Luis A. Gutierrez, Mechanic

Juan A. Jeraldo, Chef
Leonel E. Lillo A., Carpenter

Mario W. Mondaca 0., Part-time El Pino Guard
Herman E. Olivares, Warehouse Attendant

Ljubomir J. Papic, Mountain Superintendant

Alfredo S. Paredes A., Heavy Equipment Op-

erator



Members of the Observatories support staff, left to

right: Jeanne Todd, Joan Gantz, Sue Drescher, Kristin

Theotokatos, Delores Sahlin, and Noemi Aguilar.

Fernando M. Peralta, Night Assistant

Leonardo F. Peralta, Driver and Purchaser

Victorino Riquelme P., Janitor

Jose A. Rodriguez, Welder
Honorio A. Rojas P. , Pump Operator

Pedro S. Rojas, Mason
Eduardo R. Ramos, Site Survey

Roberto S. Ramos, Site Survey
Hernan Solis, Electonics Technician

Mario E. Taquias, Plumber
Gabriel A. Tolmo, El Pino Guard
Jorge 0. Tolmo, El Pino Guard
Manuel M. Traslavina P. , Driver

Patricia Villar B., Administrative Assistant

Alberto Zuniga A. , Night Assistant

Visiting Investigators

Gonzalo Alcaino, Instituto Isaac Newton
Franklin Alvarado, Instituto Isaac Newton*
James Beletic, Harvard University

William Blair, Johns Hopkins University

Greg Bothun, Caltech*

Charles Bowers, Johns Hopkins University

Bel Campbell, University of New Mexico

Bruce Carney, University of North Carolina

Arlin Crotts, University of Texas at Austin

Arthur Davidsen, Johns Hopkins University

Reinaldo de Carvalho, Caltech*

Serge Demers, University of Montreal

S. George Djorgovski, Caltech*

Sandra Faber, University of California, Santa
Cruz

Gregory Fahlman, University of British Colum-
bia

Max Faundez-Abans, Universidad de Santiago

Craig Foltz, University of Arizona

Richard Goody, Harvard University

Don Hamilton, Caltech*

Ming-sheng Han, Caltech*

Richard Henry, Johns Hopkins University

Mark Heyer, Department of Terrestrial Mag-
netism, CIW

Robert Jedrezewski, Space Telescope Science

Institute

Randy Kimble, Johns Hopkins University

Marcin Kubiak, University of Warsaw, Poland

Arlo Landolt, University of Louisiana

John Landstreet, University of Western On-
tario

Monty Laycox, University of North Carolina

William Liller

Knox Long, Johns Hopkins University

Richard Lucinio, Caltech*

Barry Madore, Caltech

Jose Maza, Universidad de Chile

Jeremy Mould, Caltech

Deborah Padgett, Caltech*
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C. Papaliolios, Harvard University

Hernan Quintana, Universidad Catolica de Chile

Neil Reid, Caltech*

Michael Rich, Department of Terrestrial Mag-
netism, CIW

Mighel Roth, Universidad de Santiago
Maria Teresa Ruiz, Universidad de Chile

Fernando Selman, Caltech*

Brad Smith, University of Arizona

John Stocke, University of Colorado

Nicholas Suntzeff, Cerro Tololo Inter-American
Observatory

Richard Terrile, Jet Propulsion Laboratory

David Turnshek, Space Telescope Science In-

stitute

Alan Uomoto, Johns Hopkins University

!To September 30, 1987
2To August 15, 1987
3To June 14, 1988
4From September 22, 1987
5From October 5, 1987 to March 7, 1988
6From July 1, 1987 to September 22, 1987

*graduate student
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Personnel

Members of the Departments are

listed in the preceding sections.

Special Appointments

Roy J. Britten, Staff Member in Special

Subject Area (Corona Del Mar, California)

Barbara McClintock, Distinguished Service

Member in Special Subject Area (Cold

Spring Harbor, New York)

Office of Administration

1530 P Street, N.W.
Washington, DC 20005

Lloyd H. Allen, Custodian

Ray Bowers, Editor and Publications Officer

Don A. Brooks, Custodian

Cady Canapp, Administrator for Personnel and

Employee Benefits

Edward E. David, Jr., Acting President 1

Barbara F. Deal, Administrative Assistant

Jacqueline Green, Assistant to Administrator

for Personnel and Employee Benefits2

Michael Jenkins, Operations Coordinator3

Sherman L.E. Johnson, Payroll Supervisor

Rickie Kanipe, Support Coordinator

John C. Lawrence, Controller

Margaret L. Loflin, Assistant to Administrator

for Personnel and Employee Benefits4

Denise Marcone, Accountant5

Susan A. Maslousky, Accountant6

Diane Melick, Secretary to the President7

Patricia Parratt, Associate Editor

Catherine Piez, Accountant8

Arnold J. Pryor, Equal Opportunity Officer and
Personnel and Benefits Records Coordinator9

Christine Rogers, Financial Manager 10

Richard B. Sell, Accountant 11

Greg Silsbee, Grants and Contracts Adminis-

trator

Maxine F. Singer, President 12

Murray Stewart, Project Manager13

Susan Y. Vasquez, Assistant to the President

Si-ming Wang, Student Assistant from People's

Republic of China14

Yulonda White, Accounts Payable Technician 15

ho February 29, 1988
2Secretary to President to July 26, 1987; Accounts

Payable Technician from July 27, 1987 to October

27, 1987
3from July 13, 1988; Word Processing Technician from

July 1, 1988
4to October 9, 1987
5from April 5, 1988
6to October 30, 1987
7from November 30, 1987
8from November 23, 1987

9Equal Opportunity Officer throughout period; Per-

sonnel and Benefits Records Coordinator from
January 15, 1988 to June 30, 1988; Facilities and

Services Supervisor from July 1, 1988
10from October 13, 1987
nto May 6, 1988
12from March 1, 1988
13from November 16, 1987
14to August 19, 1987
15from October 28, 1987; Personnel and Benefits Rec-

ords Coordinator from July 1, 1988
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Publications

Publications of the Institution

Carnegie Institution of Washington Year Book
86, viii + 197 pages, 42 illustrations, December
1987.

Developmental Stages in Human Embryos: In-

cluding a Revision of Streeter's "Horizons" and a
Survey of the Carnegie Collection, by Ronan
O'Rahilly and Fabiola Muller (Publication 637), viii

+ 306 pages, 202 illustrations, 1987.

A Revised Shapley-Ames Catalog ofBright Gal-

axies, by Allan Sandage and G. A. Tammann (Pub-

lication 635), vii + 157 pages, 91 illustrations, Second

Edition, 1987.

Carnegie: The Catalog of the Carnegie Institu-

tion of Washington, 1988-1989 and 1989-1990, 80

pages, 33 illustrations, May 1988.

Becoming a Scientist: Gateway to Research, Per-

spectives in Science booklet number 3, 36 pages,

32 illustrations, reprinted February 1988.

CIW Newsletter, issued in November 1987, March
1988, June 1988.

Carnegie Institution of Washington, informa-

tional booklet, 24 pages, 20 illustrations, August
1987.

Carnegie Evening, 1988, 16 pages, 38 illustra-

tions, May 1988.

Publication of the President

Skowronski, J., T. G. Fanning, and M. F.

Singer, Unit length Line-1 transcripts in human
teratocarcinoma cells, Molecular and Cellular Bi-

ology 8, 1385-1397, 1988.
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Report of the Executive

Committee

To the Trustees of the Carnegie Institution of Washington

In accordance with the provisions of the By-Laws, the Executive Committee

submits this report to the Annual Meeting of the Board of Trustees.

During the fiscal year ending June 30, 1988, the Executive Committee has held

four meetings. Accounts of these meetings have been or will be mailed to each

Trustee.

A full statement of the finances and work of the Institution for the fiscal year

ended June 30, 1987, appears in the Institution's Year Book 86, a copy of which

has been sent to each Trustee. An estimate of the Institution's expenditures in

the fiscal year ending June 30, 1989, appears in the budget recommended by the

Committee for approval by the Board of Trustees.

The terms of the following members of the Board expire on May 6, 1988:

William T. Coleman, Jr. Antonia Ax:son Johnson

Edward E. David, Jr. William F. Kieschnick

William T. Golden Gerald D. Laubach

Richard E. Heckert Robert M. Pennoyer

Robert C. Seamans, Jr.

In addition, the terms of office of the Vice-Chairman and Secretary of the Board,

all Committee Chairmen, and the following members of Committees expire on

May 6, 1988:

Finance Committee Auditing Committee

William T. Golden Philip H. Abelson

Nominatiyig Committee

Edward E. David, Jr.

May 6, 1988 Robert C. Seamans, Jr., Chairman
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Abstract of Minutes

of the Ninety-First Meeting of the Board of Trustees

The Annual Meeting of the Board of Trustees was held in the Board
Room of the Administration Building on Friday, May 6, 1988. The meeting
was called to order by the Chairman, Richard E. Heckert.
The following Trustees were present: Philip H. Abelson, Lewis M.

Branscomb, William T. Coleman, Jr., James D. Ebert, Sandra M. Faber,
Robert G. Goelet, William T. Golden, William C. Greenough, Caryl P.

Haskins, Richard E. Heckert, William R. Hewlett, Antonia Ax:son John-
son, William F. Kieschnick, John D. Macomber, Richard S. Perkins, Charles
H. Townes, Thomas N. Urban, and Sidney J. Weinberg, Jr. Also present
were Crawford H. Greenewalt, William McChesney Martin, Jr., and Gar-
rison Norton, Trustees Emeriti, Maxine F. Singer, President, John C.
Lawrence, Controller, Susan Y. Vasquez, Assistant Secretary, and Mar-
shall Hornblower, Counsel.

The minutes of the Ninetieth Meeting were approved.

The reports of the Executive Committee, the Finance Committee, the

Employee Benefits Committee, and the Auditing Committee were ac-

cepted. On the recommendation of the latter, it was resolved that Price

Waterhouse & Co. be appointed as public accountants for the fiscal year

ending June 30, 1989.

Section 3.5 of the By-Laws was amended. The amended language is

given in the By-Laws printed on pages 217-222 of this Year Book.

On the recommendation of the Nominating Committee, J. Irwin Miller,

Paul F. Oreffice, and Howard A. Schneiderman were elected members of

the Board of Trustees, and the following were reelected for terms ending

in 1991: William T. Coleman, Jr., Edward E. David, Jr., William T. Golden,

Richard E. Heckert, Antonia Ax:son Johnson, William F. Kieschnick,

Gerald D. Laubach, Robert M. Pennoyer, and Robert C. Seamans, Jr.

Robert C. Seamans, Jr., was elected Vice Chairman of the Board and
William T. Golden was elected Secretary of the Board for terms ending

in 1991.

The following were elected for one-year terms: Robert C. Seamans, Jr.,

as Chairman of the Executive Committee; Sidney J. Weinberg, Jr., as

Chairman of the Finance Committee; Robert M. Pennoyer as Chairman
of the Auditing Committee; and William T. Coleman, Jr., as Chairman of

the Employee Benefits Committee. William T. Golden was appointed

Chairman of the Nominating Committee for a one-year term.

Vacancies in the Standing Committees, with terms ending in 1991, were
filled as follows: William T. Golden was elected a member of the Finance

Committee; Philip H. Abelson was elected a member of the Auditing

Committee; and Edward E. David, Jr., was elected a member of the

Nominating Committee.
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The annual report of the President was accepted.

To provide for the operation of the Institution for the fiscal year ending

June 30, 1989, and upon recommendation of the Executive Committee,
the sum of $26,640,000 was appropriated.



Financial Statements

for the year ended June 30, 1988
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Carnegie Institution of Washington
Financial Statements

Contributions, Gifts, and Grants
for the Year Ended June 30, 1988

Philip H. Abelson
Jagannadham Akella

Joseph F. Albright

American Cancer Society

ARCO Foundation
Toshi Asada
Horace W. Babcock
Randolph Barton, Jr.*

Liselotte Beach
Giuseppe BertaniJ

John J. Bonica
Montgomery S. and Joanne Bradley

Lewis M. Branscomb
The Lewis Branscomb Family Foundation

Bristol-Myers Fund, Inc.

Emily S. Brosius

Donald D. Brown
Rosemary Vidale Buden
Donald M. Burt

California Institute of Technology

Carnegie Corporation of New York

James F Case
Ernst W. Caspari
The Jane Coffin Childs Memorial Fund
CIGNA Companies
John and Annette Coleman
William T. Coleman, Jr.

CPDD staff of Pittsburgh!

John R. Cronin
Sandra and George Dalsheimer
Howard Clark Dalton

Edward E. David, Jr.

Edwin A. Davis
Gordon Davis
Vincent J. DeFeo
Louis E. DeLanney
University of Delaware
John Diebold

John B. Doak
Bruce R. Doe
Victor J. Donnay*
James D. and Alma C. Ebert

Everett T. Ecklund
Donald L. Elthon
Exxon Education Foundation
Sandra and Andrew L. Faber
Dorothy Ruth Fischer

M. E. Fleet*

Michael Fleischer

Robert G. Goelet

The Golden Family Foundation
William C. Greenough
Leo J. Haber
Gregory P. Hamill*

Randolph J. Harrisf

Caryl P. and Edna Haskins
Ulrich Heber
Richard E. Heckert

Mary G. Hedger
H. Lawrence Heifer

Wayne Hendrickson*

Alfred D. Hershey
William R. Hewlett

William M. Hiesey

Robert F Howard
J. I. Foundation, Inc.

The George F. Jewett, Jr. 1965 Trust

The Johns Hopkins University

Antonia Axrson Johnson
Paul A. Johnson
W M. Keck Foundation

Mac L. Keith

David C. Koo
Robert W Krauss
Faith and Arthur LaVelle

A. H. Lawrence
Harold H. Lee
Leukemia Society of America
Life Sciences Research Foundation

Heather Lightfoot*

Donald H. Lindsley

Roberta Lingafelter*

Charles A. Little

Edith C. London*
John D. & Catherine T. MacArthur Foundation

Mevrouw C. H. MacGillavry*
John D. Macomber
John J. Makowskif
Marine Biological Laboratory
Lucille P. Markey Charitable Trust

C. B. Martin
Brian H. Mason*
Barbara McClintock
Sheila McCormick
The Andrew W Mellon Foundation

Ambrose Monell Foundation

Monsanto Company
David H. and Alice S. Montgomery

f

Mary Lee Morrison
Gisela Mosig
Norio Murata
Malcolm A. Nobs
Yoshikazu Ohashi
Tokindo S. Okada
Jill D. Pasteris

Richard S. Perkins

Elizabeth M. Ramsey, M.D., and Hans A.

Klagsbrunn
Peter H. Raven

(continued)
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Carnegie Institution of Washington
Financial Statements

Contributions, Gifts, and Grants
for the Year Ended June 30, 1988 (continued)

Curt P. Richter

John D. Rockefeller Foundation
Glenn Rosenquist

Vera C. Rubin
Damon Runyon-Walter Winchell Cancer Fund
Maarten and Corrie Schmidt
William T. Schwessinger

Robert C. Seamans, Jr.

Edwin M. Shook
Maxine F. and Daniel M. Singer

Alfred P. Sloan Foundation
Elizabeth Smith
Harold Speert

Roger D. Sumner

Ziro Suzuki

The Teagle Foundation, Inc.

William Upholt
Thomas N. Urban
Larry N. Vanderhoef
Sidney J. Weinberg, Jr. Foundation
The Weizmann Institute

Helen Hay Whitney Foundation
Frederick T. Wolf
Elizabeth A. Wood*
Felice Woodworth
Masaru Yamaguchi
Violet K. Young
Bertram W Zaslow*

*Donated in memory of Dr. Gabrielle Donnay
fDonated in memory of Mr. Eric T Crawford
^Donation from N. N., in memory of Dr. M. Demerec
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1 801 K Street, N. W. Telephone 202 833 7932
Washington, DC 20006

Price Waterhouse •
REPORT OF INDEPENDENT ACCOUNTANTS

October 25, 1988

To the Auditing Committee of the
Carnegie Institution of Washington

In our opinion, the accompanying statements of
assets, liabilities, and fund balances and the
related statements of revenues, expenses, and changes
in fund balances present fairly, in all material
respects, the financial position of the Carnegie
Institution of Washington at June 30, 1988 and 1987,
and the results of its operations and the changes in
its fund balances for the years then ended, in
conformity with generally accepted accounting
principles. These financial statements are the
responsibility of the Institution's management; our
responsibility is to express an opinion on these
financial statements based on our audits. We
conducted our audits of these statements in
accordance with generally accepted auditing standards
which require that we plan and perform the audit to
obtain reasonable assurance about whether the
financial statements are free of material
misstatement. An audit includes examining, on a test
basis, evidence supporting the amounts and
disclosures in the financial statements, assessing
the accounting principles used and significant
estimates made by management, and evaluating the
overall financial statement presentation. We believe
that our audits provide a reasonable basis for the
opinion expressed above.

Our audits were made for the purpose of forming an
opinion on the basic financial statements taken as a
whole. The supporting schedules 1 through 4 are
presented for purposes of additional analysis and are
not a required part of the basic financial
statements. Such information has been subjected to
the auditing procedures applied in the audit of the
basic financial statements and, in our opinion, is
fairly stated in all material respects in relation to
the basic financial statements taken as a whole.

f/luJL UJafaJi****^.
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*Cost on June 30, 1988: $190,023,848; June 30, 1987: $188,660,002.

The accompanying notes are an integral part of these statements.

Carnegie Institution of Washington
Financial Statements

Statements of Assets, Liabilities, and Fund Balances
June 30, 1988 and 1987

1988 1987

Assets

Cash and cash equivalents $ 207,788 $ 304,222

Grants receivable 754,405 371,363

Accrued interest and dividends 1,813,711 2,010,043

Advances and accounts receivable 60,464 135,387

2,836,368 2,821,015

Investments* (market)

Temporary 29,050,944 25,197,000

Fixed income—long term 60,212,485 82,778,099

Common stock 121,149,825 118,825,453

Other 717,054 933,190

211,130,308 227,733,742

Plant

Land 1,009,851 1,009,851

Buildings 4,987,495 4,338,974

Equipment 8,757,987 8,757,987

Plant in service 14,755,333 14,106,812

Buildings under construction 711,332 LL1

15,466,665 14,106,812

Total assets $229,433,341 $244,661,569

Liabilities and Fund Balances

Liabilities

Accounts payable and accrued expenses $ 1,370,500 $ 1,555,336

Due to brokers ... 7,334,225

Deferred grant income 2,846,684 2,858,584

Total liabilities 4,217,184 11,748,145

Fund balances 225,216,157 232,913,424

Total liabilities and fund balances $229,433,341 $244,661,569
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Statements of Revenues, Expenses, and Changes in Fund Balances
for the Years Ended June 30, 1988 and 1987

Year Ended June 30

Revenues
Interest and dividends

Grants
Federal

Private

Gifts and other revenues

Total revenues

Expenses
Personnel and related

Equipment
General

Total expenses

Deficiencies of revenues over expenses

before capital changes

Capital changes
Realized net gain on investments

Unrealized loss on investments

Land, buildings, and equipment capitalized

Total capital changes

Excess (deficiency) of revenues and capital

changes over expenses

Fund balances, beginning of year

Fund balances, end of year

1988 1987*

$ 11,175,186 $ 10,628,717

3,538,241

2,386,222

272,722

3,060,844

1,612,800

955,299

17,372,371 16,257,660

10,127,678

2,773,172

5,912,814

9,782,627

1,592,566

5,457,099

18,813,664 16,832,292

(1,441,293) (574,632)

11,062,784

(17,967,280)

648,522

21,509,802

(3,755,501)

(1,586,827)

(6,255,974) 16,167,474

(7,697,267) 15,592,842

232,913,424 217,320,582

$225,216,157 $232,913,424

*Restated for comparative purposes

The accompanying notes are an integral part of these statements.

207



Carnegie Institution of Washington
Financial Statements

Notes to the Financial Statements

June 30, 1988

Note 1. Significant Accounting Policies

The financial statements of the Institution are prepared on the accrual basis of

accounting.

The Institution capitalizes expenditures for land, buildings, telescopes and other

significant equipment, and construction projects in progress. Expenditures for other

equipment are charged to current operations as incurred, and the cost of such other

equipment is not capitalized. The Institution follows the policy of not depreciating its

buildings, telescopes, and other significant equipment.

Note 2. Employee Benefit Plans

The Institution has a noncontributory, money-purchase retirement plan in which all

United States personnel are eligible to participate. Voluntary contributions may also be

made by employees. Actuarially determined contributions are funded currently by the

Institution, and there are no unfunded past service costs. The total contributions made by
the Institution were $1,032,597 in 1988 and $973,473 in 1987. Benefits under the plan upon
retirement depend upon the investment performance of the Institution's Retirement Trust.

After one year's participation, an individual's benefits are fully vested.

The Institution provides health insurance for retired employees. Most of the Institution's

United States employees may become eligible for those benefits at retirement. The cost of

retiree health insurance benefits is recognized as an expense as costs are incurred. For 1988

and 1987 those costs were $252,281 and $213,271, respectively.

Note 3. Restricted Grants

Restricted grants are funds received from foundations, individuals, and federal agencies

in support of scientific research and educational programs. The Institution follows the

policy of reporting revenues only to the extent that reimbursable expenditures are incurred.

Reimbursement is made using provisional rates which are subject to subsequent audit and
potential downward adjustment. The Restricted Grants Statement (Schedule 3) shows all of

the current grants.

Note 4. Income Taxes

The Institution is exempt from federal income tax under Section 501(c)(3) of the Internal

Revenue Code. Accordingly, no provision for income taxes is reflected in the accompanying
financial statements. The Institution is also an educational institution within the meaning
of Section 170(b)(l)(A)(ii) of the Code. The Internal Revenue Service has classified the

Institution as other than a private foundation, as defined in Section 509(a) of the Code.

Note 5. Other Investments

In order to assist in the relocation of certain key scientific staff, the Institution makes
loans secured by real estate to these employees at below market interest rates. At June 30,

1988 and 1987, their outstanding value was $717,054 and $733,190, respectively.
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Restricted Grants
for the Year Ended June 30, 1988

Schedule 3

Federal Grants

National Aeronautics and Space Administration .

National Science Foundation
Public Health Service

U.S. Agency for International Development . . .

U.S. Department of Agriculture

U.S. Department of Energy
U.S. Department of Interior

U.S.-Israel BARD

Total federal grants

Private Grants

American Cancer Society

H.W.Babcock
California Institute of Technology
Carnegie Corporation of New York
The Jane Coffin Childs Memorial Fund
People's Republic of China
University of Delaware
Exxon Education Foundation
William R. Hewlett Lead Trust

The Johns Hopkins University

W. M. Keck Foundation
Leukemia Society of America
Life Sciences Research Foundation
John D. and Catherine T. MacArthur Foundation
Marine Biological Laboratory

Lucille P. Markey Charitable Trust

The Andrew W. Mellon Foundation
Ambrose Monell Foundation
Monsanto Company
National Academy of Sciences

Pioneer Hi-Bred International

Richard B. T. Roberts

Vera C.Rubin
Damon Runyon-Walter Winchell Cancer Fund . .

Alfred P. Sloan Foundation
The Teagle Foundation, Inc

Weizmann Institute

John D. Rockefeller Foundation
Helen Hay Whitney Foundation

Total private grants

Total restricted grants

Less cash not yet received from grants . . .

Deferred income

Balance New Balance

July 1, 1987 Grants Expenses June 30, 1988

$ 903,193 $ 224,745 $ 313,635 $ 814,303

798,149 1,574,380 1,117,821 1,254,708

855,504 2,113,952 1,997,113 972,343

15,588 15,588

95,492 4,000 62,259 37,233

24,965 17,371 7,594

29,199 13,544 15,655

3,000

3,920,077

910

3,538,241

2,090

2,722,090 3,103,926

527,465 64,000 111,627 479,838

5,000 5,000

17,013 67,000 42,901 41,112

125,000 125,000

3,166 3,166

4,285 4,285

1,166 21,115 15,467 6,814

54,823 54,823

1,917,110 1,081,812 997,596 2,001,326

33,141 217,909 197,672 53,378

68,437 68,437

54,811 28,131 26,680

44,472 30,000 34,016 40,456

15,000 10,366 4,634

4,078 4,078

542,600 198,693 343,907

687,779 258,571 429,208

17,991 100,000 117,991

5,000 4,748 252

44,332 28,599 15,733

382 382

1,306 1,306

4,347 4,347

1,447 1,447

11,869 25,000 22,245 14,624

30,000 30,000

28,602 17,708 10,894

32,400 32,400

1,333 64,333 18,083 47,583

3,500,753 2,454,771 2,386,222 3,569,302

6,222,843 $6,374,848 $5,924,463 6,673,228

3,364,259 3,826,544

$2,858,584 $2,846,684

The accompanying notes are an integral part of these schedules.
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Schedule of Expenses
for the Years Ended June 30, 1988 and 1987

1988

Schedule 4

1987

Salaries, fringe benefits, and payroll taxes

Salaries

Fringe benefits and payroll taxes . .

Total

Fellowship grants and awards

Equipment
Educational and research

Administrative and operating ....
Library

Building (improvement)

Total

General expenses

Educational and research supplies . .

Contract services

Building maintenance and repairs . .

Utilities

Investment services

Administrative

Computer services

Travel and meetings

Retiree health insurance

General insurance

Publications

Professional and consulting fees . . .

Commissary
Shop j

.

Real estate and other taxes

Rent

Total

Indirect costs

Total expenses

Endowment Restricted Total Total

and Special Grants Expenses Expenses

$ 5,676,184 $ 1,486,153 $ 7,162,337 $ 6,856,848

1,625,054 346,517 1,971,571 1,852,373

7,301,238 1,832,670 9,133,908 8,709,221

621,350 372,420 993,770 1,073,406

276,628 1,216,562 1,493,190 1,106,318

480,613 480,613 237,133

150,847 150,847 129,327

648,522

1,865,084

648,522

2,773,172

119,788

908,088 1,592,566

780,203 631,733 1,411,936 1,249,413

168,537 70,118 238,655 215,723

463,434 463,434 293,931

577,652 577,652 522,694

699,301 699,301 736,003

502,230 49,385 551,615 604,180

230,041 230,041 129,382

370,047 155,438 525,485 453,610

252,281 252,281 213,271

236,463 236,463 272,107

171,375 25,393 196,768 184,558

301,447 96,705 398,152 452,822

37,319 37,319 36,676

61,089 61,089 57,504

11,891 11,891 14,392

10,366 10,366 20,732 20,832

4,873,676 1,039,138 5,912,814 5,457,098

(815,151) 815,151

$ 5,924,463$12,889,201 $18,813,664 $16,832,291

The accompanying notes are an integral part of these schedules.
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Articles of Incorporation

diftS-riflM Congress of fyt United States of America;

§tt tHe jfocond Session,

Begun and held at the City of Washington on Monday, the seventh day of December, one

thousand nine hundred and three.

^lIST act
To incorporate the Carnegie Institution of Washington.

Be it enacted by the Senate and House of Representatives of the United

States ofAmerica in Congress assembled, That the persons following, being persons

who are now trustees of the Carnegie Institution, namely, Alexander Agassiz,

John S. Billings, John L. Cadwalader, Cleveland H. Dodge, William N. Frew,

Lyman J. Gage, Daniel C. Oilman, John Hay, Henry L. Higginson, William

Wirt Howe, Charles L. Hutchinson, Samuel P. Langley, William Lindsay, Seth

Low, Wayne MacVeagh, Darius 0. Mills, S. Weir Mitchell, William W. Morrow,

Ethan A. Hitchcock, Elihu Root, John C. Spooner, Andrew D. White, Charles

D. Walcott, Carroll D. Wright, their associates and successors, duly chosen, are

hereby incorporated and declared to be a body corporate by the name of the

Carnegie Institution of Washington and by that name shall be known and have

perpetual succession, with the powers, limitations, and restrictions herein contained.

Sec. 2. That the objects of the corporation shall be to encourage, in the

broadest and most liberal manner, investigation, research, and discovery, and

the application of knowledge to the improvement of mankind; and in particular

—

(a) To conduct, endow, and assist investigation in any department of

science, literature, or art, and to this end to cooperate with governments,

universities, colleges, technical schools, learned societies, and individuals.

(b) To appoint committees of experts to direct special lines of research.

(c) To publish and distribute documents.

(d) To conduct lectures, hold meetings, and acquire and maintain a library.

(e) To purchase such property, real or personal, and construct such building

or buildings as may be necessary to carry on the work of the corporation.
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(f) In general, to do and perform all things necessary to promote the

objects of the institution, with full power, however, to the trustees hereinafter

appointed and their successors from time to time to modify the conditions and

regulations under which the work shall he carried on, so as to secure the

application of the funds in the manner best adapted to the conditions of the time,

provided that the objects of the corporation shall at all times be among the

foregoing or kindred thereto.

Sec. 3. That the direction and management of the affairs of the corporation

and the control and disposal of its property and funds shall be vested in a board

of trustees, twenty-two in number, to be composed of the following individuals

:

Alexander Agassiz, John S. Billings, John L. Cadwalader, Cleveland H. Dodge,

William N. Frew, Lyman J. Gage, Daniel C. Gilman, John Hay, Henry

L. Higginson, William Wirt Howe, Charles L. Hutchinson, Samuel P.

Langley, William Lindsay, Seth Low, Wayne MacVeagh, Darius 0. Mills,

S. Weir Mitchell, William W. Morrow, Ethan A. Hitchcock, Elihu Root,

John C. Spooner, Andrew D. White, Charles D. Walcott, Carroll D. Wright,

who shall constitute the first board of trustees. The board of trustees shall

have power from time to time to increase its membership to not more than

twenty-seven members. Vacancies occasioned by death, resignation, or otherwise

shall be filled by the remaining trustees in such manner as the by-laws shall

prescribe; and the persons so elected shall thereupon become trustees and also

members of the said corporation. The principal place of business of the said

corporation shall be the city of Washington, in the District of Columbia.

Sec. 4. That such board of trustees shall be entitled to take, hold and

administer the securities, funds, and property so transferred by said Andrew

Carnegie to the trustees of the Carnegie Institution and such other funds or

property as may at any time be given, devised, or bequeathed to them, or to such

corporation, for the purposes of the trust ; and with full power from time to time to

adopt a common seal, to appoint such officers, members of the board of trustees or

otherwise, and such employees as may be deemed necessary in carrying on the

business of the corporation, at such salaries or with such remuneration as they may

deem proper; and with lull power to adopt by-laws from time to time and such rules

or regulations as may be necessary to secure the safe and convenient transaction

of the business of the corporation; and with full power and discretion to deal

with and expend the income of the corporation in such manner as in their

judgment will best promote the objects herein set forth and in general to have

and use all powers and authority necessary to promote such objects and carry out

the purposes of the donor. The said trustees shall have further power from time
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to time to hold as investments the securities hereinabove referred to so transferred

by Andrew Carnegie, and any property which has been or may be transferred

to them or such corporation by Andrew Carnegie or by any other person,

persons, or corporation, and to invest any sums or amounts from time to time

in such securities and in such form and manner as are permitted to trustees

or to charitable or literary corporations for investment, according to the laws

of the States of New York, Pennsylvania, or Massachusetts, or in such securities

as are authorized for investment by the said deed of trust so executed by Andrew

Carnegie, or by any deed of gift or last will and testament to be hereafter made

or executed.

Sec. 5. That the said corporation may take and hold any additional

donations, grants, devises, or bequests which may be made in further support of

the purposes of the said corporation, and may include in the expenses thereof

the personal expenses which the trustees may incur in attending meetings or

otherwise in carrying out the business of the trust, but the services of the

trustees as such shall be gratuitous.

Sec. 6. That as soon as may be possible after the passage of this Act a

meeting of the trustees hereinbefore named shall be called by Daniel C. Gilman,

John S. Billings, Charles D. Walcott, S. Weir Mitchell, John Hay, Elihu Root,

and Carroll D. Wright, or any four of them, at the city of Washington, in

the District of Columbia, by notice served in person or by mail addressed to

each trustee at his place of residence; and the said trustees, or a majority

thereof, being assembled, shall organize and proceed to adopt by-laws, to elect

officers and appoint committees, and generally to organize the said corporation

;

and said trustees herein named, on behalf of the corporation hereby incorporated,

shall thereupon receive, take over, and enter into possession, custody, and

management of all property, real or personal, of the corporation heretofore known

as the Carnegie Institution, incorporated, as hereinbefore set forth under "An Act

to establish a Code of Law for the District of Columbia, January fourth, nineteen

hundred and two," and to all its rights, contracts, claims, and property of any

kind or nature ; and the several officers of such corporation, or any other person

having charge of any of the securities, funds, real or personal, books or property

thereof, shall, on demand, deliver the same to the said trustees appointed by this

Act or to the persons appointed by them to receive the same; and the trustees

of the existing corporation and the trustees herein named shall and may take

such other steps as shall be necessary to carry out the purposes of this Act.

Sec. 7. That the rights of the creditors of the said existing corporation

known as the Carnegie Institution shall not in any manner be impaired by the
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passage of this Act, or the transfer of the property hereinbefore mentioned, nor

shall any liability or obligation for the payment of any sums due or to become

due, or any claim or demand, in any manner or for any cause existing against

the said existing corporation, be released or impaired ; but such corporation hereby

incorporated is declared to succeed to the obligations and liabilities and to be held

liable to pay and discharge all of the debts, liabilities, and contracts of the said

corporation so existing to the same effect as if such new corporation had itself

incurred the obligation or liability to pay such debt or damages, and no such action

or proceeding before any court or tribunal shall be deemed to have abated or been

discontinued by reason of the passage of this Act.

Sec. 8. That Congress may from time to time alter, repeal, or modify this

Act of incorporation, but no contract or individual right made or acquired shall

thereby be divested or impaired.

Sec. 9. That this Act shall take effect immediately.

President of the Senate pro tempore.

/ t*-O—O"



By -Laws of the Institution
Adopted December 13, 1904. Amended December 13, 1910, December 13, 1912, December 10,

1937, December 15, 1939, December 13, 1940, December 18, 1942, December 12, 1947, December

10, 1954, October 24, 1957, May 8, 1959, May 13, 1960, May 10, 1963, May 15, 1964, March
6, 1967, May 3, 1968, May 14, 1971, August 31, 1972, May 9, 1974, April 30, 1976, May 1,

1981, May 7, 1982, May 3, 1985, May 9, 1986, May 15, 1987, and May 6, 1988.

ARTICLE I

The Trustees

1.1. The Board of Trustees shall consist of twenty-four members with power to increase

its membership to not more than twenty-seven members.
1.2. The Board of Trustees shall be divided into three classes each having eight or nine

members. The terms of the Trustees shall be such that those of the members of one class

expire at the conclusion of each annual meeting of the Board. At each annual meeting of

the Board vacancies resulting from the expiration of Trustees' terms shall be filled by
their re-election or election of their successors. Trustees so re-elected or elected shall

serve for terms of three years expiring at the conclusion of the annual meeting of the

Board in the third year after their election. A vacancy resulting from the resignation,

death, or incapacity of a Trustee before the expiration of his* term may be filled by elec-

tion of a successor at or between annual meetings. A person elected to succeed a Trustee

before the expiration of his term shall serve for the remainder of that term. There shall

be no limit on the number of terms for which a Trustee may serve, and a Trustee shall be

eligible for immediate re-election upon expiration of his term.

1.3. No Trustee shall receive any compensation for his services as such.

1.4. Trustees shall be elected by vote of two-thirds of the Trustees present at a meeting
of the Board of Trustees at which a quorum is present or without a meeting by written ac-

tion of all of the Trustees pursuant to Section 4.6.

1.5. If, at any time during an emergency period, there be no surviving Trustee capable

of acting, the President, the Director of each existing Department, or such of them as

shall then be surviving and capable of acting, shall constitute a Board of Trustees pro tern,

with full powers under the provisions of the Articles of Incorporation and these By-Laws.
Should neither the President nor any such Director be capable of acting, the senior sur-

viving Staff Member of each existing Department shall be a Trustee pro tern with full

powers of a Trustee under the Articles of Incorporation and these By-Laws. It shall be in-

cumbent on the Trustees pro tern to reconstitute the Board with permanent members
within a reasonable time after the emergency has passed, at which time the Trustees pro
tern shall cease to hold office. A list of Staff Member seniority, as designated annually by
the President, shall be kept in the Institution's records.

1.6. A Trustee who resigns after having served at least six years and having reached
age seventy shall be eligible for designation by the Board of Trustees as a Trustee Emeri-
tus. A Trustee Emeritus shall be entitled to attend meetings of the Board but shall have
no vote and shall not be counted for purposes of ascertaining the presence of a quorum.
A Trustee Emeritus may be invited to serve in an advisory capacity on any committee of

the Board except the Executive Committee.

*A masculine pronoun as used in these By-Laws shall be deemed to include the corre-

sponding female pronoun.
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ARTICLE II

Officers of the Board

2.1. The officers of the Board shall be a Chairman of the Board, a Vice-Chairman, and
a Secretary, who shall be elected by the Trustees, from the members of the Board, by bal-

lot to serve for a term of three years. All vacancies shall be filled by the Board for the un-

expired term; provided, however, that the Executive Committee shall have power to fill

a vacancy in the office of Secretary to serve until the next meeting of the Board of

Trustees.

2.2. The Chairman shall preside at all meetings and shall have the usual powers of a

presiding officer.

2.3. The Vice-Chairman, in the absence or disability of the Chairman, shall perform the

duties of the Chairman.
2.4. The Secretary shall issue notices of meetings of the Board, record its transactions,

and conduct that part of the correspondence relating to the Board and to his duties.

ARTICLE III

Executive Administration

3.1. There shall be a President who shall be elected by ballot by, and hold office during

the pleasure of, the Board, who shall be the chief executive officer of the Institution. The
President, subject to the control of the Board and the Executive Committee, shall have
general charge of all matters of administration and supervision of all arrangements for

research and other work undertaken by the Institution or with its funds. He shall prepare

and submit to the Board of Trustees and to the Executive Committee plans and sugges-

tions for the work of the Institution, shall conduct its general correspondence and the cor-

respondence with applicants for grants and with the special advisors of the Committee,
and shall present his recommendations in each case to the Executive Committee for deci-

sion. All proposals and requests for grants shall be referred to the President for consider-

ation and report. He shall have power to remove, appoint, and, within the scope of funds

made available by the Trustees, provide for compensation of subordinate employees and
to fix the compensation of such employees within the limits of a maximum rate of com-
pensation to be established from time to time by the Executive Committee. He shall be ex

officio a member of the Executive Committee.
3.2. The President shall be the legal custodian of the seal and of all property of the In-

stitution whose custody is not otherwise provided for. He shall sign and execute on behalf

of the corporation all contracts and instruments necessary in authorized administrative

and research matters and affix the corporate seal thereto when necessary, and may dele-

gate the performance of such acts and other administrative duties in his absence to other

officers. He may execute all other contracts, deeds, and instruments on behalf of the cor-

poration and affix the seal thereto when expressly authorized by the Board of Trustees

or Executive Committee. He may, within the limits of his own authorization, delegate to

other officers authority to act as custodian of and affix the corporate seal. He shall be re-

sponsible for the expenditure and disbursement of all funds of the Institution in accord-

ance with the directions of the Board and of the Executive Committee, and shall keep ac-

curate accounts of all receipts and disbursements. He shall, with the assistance of the

Directors of the Departments, prepare for presentation to the Trustees and for publica-

tion an annual report on the activities of the Institution.

3.3. The President shall attend all meetings of the Board of Trustees.

3.4. The c orporation shall have such other officers as may be appointed by the Execu-

tive Committee, having such duties and powers as may be specified by the Executive Com-
mittee or by the President under authority from the Executive Committee.
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3.5. The President shall retire from office at the end of the fiscal year in which he
becomes sixty-five years of age. The corporate officers appointed by the Executive Com-
mittee shall retire, and the Directors of Departments shall retire as Directors, at the end
ofthe fiscal year in which they become sixty-five years of age, except as otherwise required

by law or as retirement may be deferred by the Executive Committee.

ARTICLE IV

Meetings and Voting

4.1. The annual meeting of the Board of Trustees shall be held in the City of Washing-
ton, in the District of Columbia, in May of each year on a date fixed by the Executive Com-
mittee, or at such other time or such other place as may be designated by the Executive

Committee, or if not so designated prior to May 1 of such year, by the Chairman of the

Board of Trustees, or if he is absent or is unable or refuses to act, by any Trustee with the

written consent of the majority of the Trustees then holding office.

4.2. Special meetings of the Board of Trustees may be called, and the time and place of

meeting designated, by the Chairman, or by the Executive Committee, or by any Trustee

with the written consent of the majority of the Trustees then holding office. Upon the

written request of seven members of the Board, the Chairman shall call a special meeting.

4.3. Notices of meetings shall be given ten days prior to the date thereof. Notice may
be given to any Trustee personally, or by mail or by telegram sent to the usual address of

such Trustee. Notices of adjourned meetings need not be given except when the adjourn-

ment is for ten days or more.

4.4. The presence of a majority of the Trustees holding office shall constitute a quorum
for the transaction of business at any meeting. An act of the majority of the Trustees

present at a meeting at which a quorum is present shall be the act of the Board except as

otherwise provided in these By-Laws. If, at a duly called meeting, less than a quorum is

present, a majority of those present may adjourn the meeting from time to time until a

quorum is present. Trustees present at a duly called or held meeting at which a quorum
is present may continue to do business until adjournment notwithstanding the withdraw-
al of enough Trustees to leave less than a quorum.

4.5. The transactions of any meeting, however called and noticed, shall be as valid as

though carried out at a meeting duly held after regular call and notice, if a quorum is pres-

ent and if, either before or after the meeting, each of the Trustees not present in person

signs a written waiver of notice, or consent to the holding of such meeting, or approval of

the minutes thereof. All such waivers, consents, or approvals shall be filed with the corpo-

rate records or made a part of the minutes of the meeting.

4.6. Any action which, under law or these By-Laws, is authorized to be taken at a meet-
ing of the Board of Trustees or any of the Standing Committees may be taken without a

meeting if authorized in a document or documents in writing signed by all the Trustees,

or all the members of the Committee, as the case may be, then holding office and filed

with the Secretary.

4.7. During an emergency period the term "Trustees holding office" shall, for purposes

of this Article, mean the surviving members of the Board who have not been rendered
incapable of acting for any reason including difficulty of transportation to a place of

meeting or of communication with other surviving members of the Board.

ARTICLE V

Committees

5.1. There shall be the following Standing Committees, viz. an Executive Committee,

a Finance Committee, an Auditing Committee, a Nominating Committee, and an Employ-
ee Benefits Committee.

5.2. All vacancies in the Standing Committees shall be filled by the Board of Trustees

at the next annual meeting of the Board and may be filled at a special meeting of the
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Board. A vacancy in the Executive Committee and, upon request of the remaining mem-
bers of any other Standing Committee, a vacancy in such other Committee may be filled

by the Executive Committee by temporary appointment to serve until the next meeting
of the Board.

5.3. The terms of all officers and of all members of Committees, as provided for herein,

shall continue until their successors are elected or appointed. The term of any member of

a Committee shall terminate upon termination of his service as a Trustee.

Executive Committee

5.4. The Executive Committee shall consist of the Chairman, Vice-Chairman, and Sec-

retary of the Board of Trustees, the President of the Institution ex officio, and, in addi-

tion, not less than five or more than eight Trustees to be elected by the Board by ballot

for a term of three years, who shall be eligible for re-election. Any member elected to fill

a vacancy shall serve for the remainder of his predecessor's term. The presence of four

members of the Committee shall constitute a quorum for the transaction of business at

any meeting.

5.5. The Executive Committee shall, when the Board is not in session and has not given

specific directions, have general control of the administration of the affairs of the corpo-

ration and general supervision of all arrangements for administration, research, and
other matters undertaken or promoted by the Institution. It shall also submit to the

Board of Trustees a printed or typewritten report of each of its meetings, and at the annu-
al meeting shall submit to the Board a report for publication.

5.6. The Executive Committee shall have power to authorize the purchase, sale, ex-

change, or transfer of real estate.

Finance Committee

5.7. The Finance Committee shall consist of not less than five and not more than six

members to be elected by the Board of Trustees by ballot for a term of three years, who
shall be eligible for re-election. The presence of three members of the Committee shall

constitute a quorum for the transaction of business at any meeting.

5.8. The Finance Committee shall have custody of the securities of the Institution and
general charge of its investments and invested funds and shall care for and dispose of the

same subject to the directions of the Board of Trustees. It shall have power to authorize

the purchase, sale, exchange, or transfer of securities and to delegate this power. For any
retirement or other benefit plan for the staff members and employees of the Institution,

it shall be responsible for supervision of matters relating to investments, appointment or

removal of any investment manager or advisor, reviewing the financial status and ar-

rangements, and appointment or removal of any plan trustee or insurance carrier. It shall

consider and recommend to the Board from time to time such measures as in its opinion

will promote the financial interests of the Institution and improve the management of in-

vestments under any retirement or other benefit plan. The Committee shall make a re-

port at the annual meeting of the Board.

Auditing Committee

5.9. The Auditing Committee shall consist of three members to be elected by the Board
of Trustees by ballot for a term of three years.

5.10. Before each annual meeting of the Board of Trustees, the Auditing Committee
shall cause the accounts of the Institution for the preceding fiscal year to be audited by
public accountants. The accountants shall report to the Committee, and the Committee
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shall present said report at the ensuing annual meeting of the Board with such recom-

mendations as the Committee may deem appropriate.

Nominating Committee

5.11. The Nominating Committee shall consist of the Chairman of the Board of Trus-

tees ex officio and, in addition, three Trustees to be elected by the Board by ballot for a

term of three years, who shall be eligible for re-election, but, after serving for two consec-

utive terms, not until after the lapse of one year. Any member elected to fill a vacancy

shall serve for the remainder of his predecessor's term. The Chairman of the Board shall

appoint a member of the Committee as Chairman for a term expiring no later than the

expiration of his term as a member.
5.12. Sixty days prior to an annual meeting of the Board the Nominating Committee

shall notify the Trustees by mail of the vacancies to be filled in membership of the Board.

Each Trustee may submit nominations for such vacancies. Nominations so submitted

shall be considered by the Nominating Committee, and ten days prior to the annual meet-

ing the Nominating Committee shall submit to members of the Board by mail a list of the

persons so nominated, with its recommendations for filling existing vacancies on the

Board and its Standing Committees. No other nominations shall be received by the Board
at the annual meeting except with the unanimous consent of the Trustees present.

Employee Benefits Committee

5.13. The Employee Benefits Committee shall consist of not less than three and not

more than four members to be elected by the Board of Trustees by ballot for a term of

three years, who shall be eligible for re-election, and the Chairman of the Finance Com-
mittee ex officio. Any member elected to fill a vacancy shall serve for the remainder of

his predecessor's term.

5.14. The Employee Benefits Committee shall, subject to the directions of the Board of

Trustees, be responsible for supervision of the activities of the administrator or adminis-

trators of any retirement or other benefit plan for staff members and employees of the

Institution, except that any matter relating to investments or to the appointment or re-

moval of any trustee or insurance carrier under any such plan shall be the responsibility

of the Finance Committee. It shall receive reports from the administrator or administra-

tors of the employee benefit plans with respect to administration, benefit structure,

operation, and funding. It shall consider and recommend to the Board from time to time
such measures as in its opinion will improve such plans and the administration thereof.

The Committee shall submit a report to the Board at the annual meeting of the Board.

ARTICLE VI

Financial Administration

6.1. No expenditure shall be authorized or made except in pursuance of a previous ap-

propriation by the Board of Trustees, or as provided in Section 5.8 of these By-Laws.
6.2. The fiscal year of the Institution shall commence on the first day of July in each

year.

6.3. The Executive Committee shall submit to the annual meeting of the Board a full

statement of the finances and work of the Institution for the preceding fiscal year and a

detailed estimate of the expenditures of the succeeding fiscal year.

6.4. The Board of Trustees, at the annual meeting in each year, shall make general ap-

propriations for the ensuing fiscal year; but nothing contained herein shall prevent the

Board of Trustees from making special appropriations at any meeting.
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6.5. The Executive Committee shall have general charge and control of all appropria-

tions made by the Board. Following the annual meeting, the Executive Committee may al-

locate these appropriations for the succeeding fiscal year. The Committee shall have full

authority to reallocate available funds, as needed, and to transfer balances.

6.6. The securities of the Institution and evidences of property, and funds invested and
to be invested, shall be deposited in such safe depository or in the custody of such trust

company and under such safeguards as the Finance Committee shall designate, subject

to directions of the Board of Trustees. Income of the Institution available for expenditure

shall be deposited in such banks or depositories as may from time to time be designated

by the Executive Committee.
6.7. Any trust company entrusted with the custody of securities by the Finance Com-

mittee may, by resolution of the Board of Trustees, be made Fiscal Agent of the Institu-

tion, upon an agreed compensation, for the transaction of the business coming within the

authority of the Finance Committee.
6.8. The property of the Institution is irrevocably dedicated to charitable purposes, and

in the event of dissolution its property shall be used for and distributed to those charita-

ble purposes as are specified by the Congress of the United States in the Articles of Incor-

poration, Public Law No. 260, approved April 28, 1904, as the same may be amended from
time to time.

ARTICLE VII

Amendment ofBy-Laws

7.1. These By-Laws may be amended at any annual or special meeting of the Board of

Trustees by a two-thirds vote of the members present, provided written notice of the pro-

posed amendment shall have been served personally upon, or mailed to the usual address

of, each member of the Board twenty days prior to the meeting.
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